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Abstract 
 
Vacuum glazing is a vital development in the move to more energy efficient buildings. 
In vacuum glazing, an evacuated cavity supresses gaseous conduction and convection to 
provide high thermal resistance. A high vacuum pressure (less than 0.1 Pa) is required 
and must be maintained by a hermetic seal around the periphery, currently formed with 
either indium (i.e. low temperature sealing method) or solder glass (i.e. high 
temperature sealing method). This thesis reports the results of an experimental and 
theoretical investigation into the development of new low temperature (less than 200˚C) 
and novel high temperature (up to 450˚C) glass edge seals. A new low temperature 
composite edge seal was developed in which double and triple vacuum glazings each of 
dimensions 300x300mm were fabricated with measured vacuum pressures of       
4.6x10-2Pa and 4.8x10-2Pa achieved respectively. A three dimensional finite element 
model of the fabricated design of composite edge sealed triple vacuum glazing was 
developed. This required the measurement of the thermal conductivities of the 
composite edge sealing materials to simulate the heat transfer process accurately. 
Centre-of-pane and total thermal transmittance values of a composite edge sealed triple 
vacuum glazing of dimensions 300x300mm were predicted to be 0.33Wm-2K-1 and 1.05 
Wm-2K-1 respectively. A lead-free, ultrasonic soldering free and cost-effective high 
temperature edge seal was developed in which double vacuum glazing of dimensions 
300x300mm was fabricated with a measured vacuum pressure of 8.2x10-4 Pa. A finite 
element model of the fabricated high temperature edge sealed double vacuum glazing 
was developed in which the centre-of-pane and total thermal transmittance values were 
predicted to be 1.04 Wm-2K-1 and 1.4 Wm-2K-1 respectively. The heat load, solar gain, 
heat loss and window to wall area ratios were analysed for an externally insulated and 
un-insulated solid wall dwelling in which triple vacuum glazed windows were predicted 
to be a retrofit solution that can improve building energy efficiency when compared 
with single, double glazed air filled, double glazed argon gas and triple glazed air filled 
windows. 
 
Keywords: vacuum glazing, low temperature glass seal, high temperature glass seal, 
finite element modelling, thermal performance, solid wall dwelling, heating energy, 
solar gains, window to wall area ratio. 
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Chapter 1 
 
RESEARCH INTRODUCTION 
 
 
 
 
 
 
 
 
 
This chapter presents the basis for the research undertaken.  The main research gaps 
and challenges in the area of vacuum glazing technology are briefly discussed. The 
novel research aim and objectives of this research are presented. The scope of 
research undertaken is described. The research methodologies followed to achieve 
the objectives of this research program are presented. 
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1.1. Research Context 
 
Heat loss through the windows of buildings is one of the factors contributing to high 
energy consumption for space heating resulting in excessive CO2 emissions which lead 
to climate change. Heat loss through glazings was estimated to contribute to 11.3-11.7 % 
of the CO2 emissions from buildings (Peacock et al, 2007). Replacing standard double 
air filled glazing, U value of 2.85 Wm-2K-1, with vacuum glazing, U value of 
approximately 0.8 Wm-2K-1, reduces the heat loss by more than three times and reduces 
the frame thickness due to the thinness of vacuum glazing (8.15mm). Further reduction 
of U value less than 0.5 Wm-2K-1 can be achieved by using triple vacuum glazing 
(Eames, 2008); this reduces heat loss through windows to approximately the same level 
as that through external solid walls. This allowing an increase of window to wall area 
ratio (WWR) with little penalty in terms of heat load required to heat the rooms of a 
building.  
 
This research forms part of the CALEBRE (Consumer Appealing Low energy 
Technologies for Building Retrofitting) project aiming to establish a robust 
refurbishment package for reducing UK domestic CO2 emissions resulting from solid 
wall dwellings. 
 
The principal challenge directing this research was not only the fabrication of double 
and triple vacuum glazing but also the use/investigation of cost-effective/alternative 
edge sealing materials. This is one of the main obstacles of bringing vacuum glazing 
technology in the UK market for mass production. The research performed considered 
the design, fabrication processes and the necessary steps needed to develop a new 
hermetic sealing material or the application of different metallic/semi-polymeric 
materials which open opportunities for future development in vacuum glazing 
technology. 
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1.2. Novel Research Aim and Objectives 
 
The broad aim of this research was to design, simulate, and develop double and triple 
vacuum glazed units with a cost effective/new hermetic edge seal. Assessing solid wall 
dwelling’s thermal performance with triple vacuum glazed windows and conventional 
window systems by comparatively analysing the space-heating load, the solar gains and 
the effect of changing window to wall area ratios. Specific objectives are to:  
 
1. Design the vacuum glazing production research facility on a laboratory scale. This 
includes the design and construction of an effective vacuum cup system for pump-out 
hole sealing of the vacuum glazing units. 
 
2. Investigate low temperature glass edge sealing materials by developing the design 
methods for the fabrication of double and triple vacuum glazings with the analysis of 
edge sealing materials cost. Develop a finite element model to simulate the thermal 
performance of the fabricated design of triple vacuum glazing. 
 
3. Investigate cost-effective and lead-free high temperature edge sealing materials and 
methods to avoid the use of ultrasonic-soldering iron for making an edge seal. Develop 
the design methods of the high temperature edge sealing materials by fabricating double 
vacuum glazings with the analysis of edge sealing materials cost. Develop a finite 
element model to simulate the thermal performance of the developed high temperature 
sealed vacuum glazing. 
 
4. Simulate the potential space-heating reduction and solar gains achieved when 
retrofitting triple vacuum glazed windows to an externally insulated and un-insulated 
solid wall dwelling for different window to wall area ratios, and compare with 
conventional windows including single, air filled double glazed, argon gas filled double 
glazed and air filled triple glazed windows. 
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1.3. Research Scope 
 
This research work performed developed a cost-effective and lead-free with ultrasonic-
soldering-free method for the fabrication of vacuum glazing having potential for mass 
production in the UK. This research also investigated and developed a new low 
temperature edge seal and fabricated double and triple vacuum glazing which offers an 
alternative to the current methods. The research work undertaken has discovered a 
number of novel solutions and contributed in the vacuum glazing science and 
technology. Current research also investigated the importance of the triple vacuum 
glazings to solid wall dwellings, which is one of the robust refurbishment solutions for 
reducing UK domestic CO2 emissions. 
 
 
1.4. Research Methodology 
 
A general literature review is outlined describing the significance of vacuum glazing 
technology in comparison to the existing glazing systems. The design and development 
of a pump-out system is discussed in chapter 3. Experimental and theoretical results are 
demonstrated in chapters 4, 5 and 6, comprising specific introduction section to support 
the research contributions. In this research methodology the systematic research 
undertaken to achieve the aim and objectives are presented in Fig. 1.1.  
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               STAGE                          RESEARCH STRATEGY                    OUTCOMEO           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 1.1: Research Methodology of the PhD research work undertaken. 
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Chapter 2 
 
A REVIEW OF VACUUM GLAZING IN COMPARISON TO 
EXISTING GLAZING SYSTEMS 
 
 
 
 
 
 
 
 
This chapter investigates the importance of vacuum glazing systems in reducing the 
space-heating loss. The thermal performance of gas filled and aerogel glazing 
systems are discussed and compared to the vacuum glazing. The details of the 
components of vacuum glazing and fabrication methods are reviewed.  
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2.1. Current UK Energy Use and the Possible Role of Vacuum Glazing in 
       a Low Carbon Future 
 
Demand side carbon reduction and energy efficiency of buildings are currently major 
concerns due to links with climate change and fuel poverty. Total energy consumption 
in the UK has decreased by 3% in the industry sector and 1% in the transport sector but 
increased by 11% in the domestic sector and 3% in the service sector (includes 
agriculture) from 2011 to 2012 (DECC, 2013a), as shown in Fig. 2.1.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Total energy consumption Million tonnes of oil equivalent by sectors in the 
UK from 1980 to 2012. [1] Includes agriculture.             (DECC, 2013a) 
 
Natural gas consumption is dominant in providing space heating, water heating and 
cooking loads. Fig 2.2 shows total gas consumption in the UK, with a peak increase of 
1,125 TWh seen in 2004 (DECC, 2013a). In 2012 the total gas consumption was 845.6 
TWh, approximately 25% less than 2004. Fig. 2.2 also shows that the domestic gas 
consumption in 2012 was high (demonstrating an almost 16% increase) compared to 
2011. However, gas demand for electricity generation reduced by almost three-fold to 
214 TWh mainly due to the replacement of gas by coal. 
 
 
 
CHAPTER 2 
 
 8 
 
Figure 2.2: Natural gas consumption in Terra Watt hours (TWh) by sectors in the UK 
from 1980 to 2012.                                                   (DECC, 2013a) 
 
The majority of total energy consumed in the domestic sector is due to space heating 
which accounted for 66% of total usage in 2012 (ECUK, 2013). Water heating, cooking 
and lighting and appliances accounted for a further of 16%, 3% and 15% respectively, 
as shown in Fig. 2.4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Domestic total energy consumption by end use in the UK from 1970 to 2012. 
(ECUK, 2013) 
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Due to an increase of gas consumption, specifically in the domestic sector, gas prices 
increased by 6.4% (including VAT) between second quarter (Q2) of 2012 and Q2 of 
2013 (DECC, 2013b) as shown in Fig. 2.3. It can also be seen that the domestic 
electricity price increase was comparably less (i.e. 5.7%). The increase in fuel prices 
specifically gas prices is causing difficulties for domestic consumers to afford to heat 
their dwelling to standard comfort temperatures of between 17˚C and 19˚C during 
winter and summer seasons, respectively, (CIBSE, 2006). 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Fuel price CPI (consumer price index) in real terms from second quarter 
(Q2) of 2010 to Q2 of 2013.                                                                     (DECC, 2013b) 
 
Active and passive measures can be undertaken to reduce space heating load or gas 
consumption in the domestic building sector. Active measures mainly include upgrading 
the efficiency of boilers. Passive measures mainly include: improving the internal or 
external wall insulations, proper airtightness whilst ensuring sufficient ventilation, and 
the replacement of existing single or air filled double glazed windows to ultra-low heat 
loss vacuum glazed windows in the buildings. Replacing standard air filled double 
glazed windows with vacuum glazed windows can reduce the central area thermal 
transmittance from 2.85 to approximately 0.8 Wm-2K-1 once successfully 
commercialised, a reduction in heat loss of more than three-fold compared to standard 
double air filled glazed window. Further reduction of heat loss to less than 0.5 Wm-2K-1 
(Eames, 2008) can be achieved with triple vacuum glazing. This allows consumers to 
switch off domestic heating radiators at regular intervals, enabling consumers to reduce 
gas bills and gas consumption; therefore, lowering CO2 emissions and avoiding the 
adverse impact of climate change.  
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2.2. Performance Parameters for Windows  
 
2.2.1. Thermal Transmittance - U value 
 
One of the main functions of a window is to reduce heat flow between indoors and 
outdoors, i.e. to provide good thermal insulation (Wilson, 2004). The thermal 
conductance is the rate of total heat flow per unit area per degree of temperature 
difference between indoors and outdoors. The thermal transmittance is the addition of 
total thermal conductance with internal and external heat transfer coefficients. Both 
specified in units of Wm-2K-1(SI) or BTUh-1ft-2 (imperial). The relevant European 
standards, EN673 and EN674 (1997), specify a temperature difference of 15 K between 
the external and internal glazing surface temperatures, whereas North American 
standards refer to the difference between the external and internal air temperatures. A 
single sheet of glass, 4 mm thick, has a Ucentre (heat transfer coefficient of glazing) value 
of 5.75 Wm-2K-1 (CIBSE, 2006). The Ucentre value according to EN673 (1997) refers to 
the value at the centre of the glazing alone, without edge effects or not to the whole 
window, which is specified by Uw (heat transfer coefficient of window) and includes the 
effect of the frame and the glazing edge area.  
 
2.2.2. Thermal Resistance – R value 
 
The thermal resistance, R value, is a measurement of a temperature difference by which 
a glazing resists a heat flow in SI unit m2K/W (SI) or h.ft2/BTU (Imperial) (Binggeli, 
2010). It is the reciprocal of the thermal conductance. Thermal transmittance, U value, 
is the reciprocal of the sum of external and internal surface thermal resistance and total 
thermal resistance of the glazing. Thermal resistance of homogeneous layer can be 
calculated by dividing thickness with thermal conductivity of material/layer. The 
calculation methods of thermal resistance and thermal transmittance values are detailed 
in Chapter 6. 
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2.2.3. Solar Transmittance- g value 
 
The solar heat gain is an increase in temperature in a space or material resulting due to 
solar radiation. The g value or Solar Heat Gain Coefficient (SHGC) is defined as the 
ratio of solar heat gain (W) through a unit area of glazing to the solar radiation (W) 
striking through a unit area of the outer surface, for a given incidence angle and given 
environmental conditions (indoor and outdoor temperature, wind speed) (McGowan, 
1995). The total solar energy transmittance can be calculated by summing two 
components: the solar radiation which is transmitted by the glazing unit, and that 
portion of solar energy that is initially absorbed in the glazing and is then transferred as 
heat to the indoor environment. The g value or solar factor ranges from 0 to 1. The ideal 
g value for a window is one that is high enough to allow solar radiation gains to heat a 
room effectively in winter months, reducing the need for conventional space heating, 
but low enough to avoid overheating in summer. Glazing with a g value lower than 
about 0.5 (Wilson, 2004) is often called solar control glazing, as it is intended for 
situations with abundant solar radiation that needs to be controlled to avoid overheating 
problems. 
 
2.2.4. Visible transmittance -τv 
 
The visible light or light transmittance τv is defined as the ratio of light transmitted by 
the glazing to light incident on the glazing, for perpendicular incidence if not specified 
otherwise (Wilson, 2004). Generally a higher value of τv is often desirable; this leads to 
more daylight indoors. However in specific cases, low τv value may need to be chosen, 
e.g. if the contrast becomes too great for work with computer monitors. Values up to 
0.81 can be obtained for high-performance glazing.     
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2.3. Components of Windows 
 
Windows are an important source of heat gain or heat loss in buildings. Windows are an 
assembly of glazing, sash, and frame as shown in Fig. 2.5. Glazing refers to the 
transparent part of a window, the sash is a casing in which the glass sheets of a window 
are set, and the frame is the complete structural enclosure of the glazing (Doty and 
Turner, 2009). Fenestration refers to the design and position of windows in a building or 
dwelling. The thermal performance of the window depends on the number of glass 
sheets, the space between glass sheets, emissivity of the coatings on glass sheet, the 
frame in which the glass is installed and the type of spacers that separate the sheets of 
glass. The use of window frame types has significant impact on the thermal 
transmittance values. Wood, vinyl or unplasticized polyvinyl chloride (uPVC) frames 
have greater heat resistance than metal (Smeaton, 1837) (Charlett and Thomas, 2013) 
but metal (Aluminium) frame performance can be improved by introducing thermal 
isolation, or thermal break, between the cold side of the frame and the warm side by 
including low conducting materials. 
                
 
 
  
 
 
 
 
 
 
Figure 2.5: Window components showing glazing layers separated with spacers and sits 
in the sash situated on the frame.   
 
Single glazing with or without frames have estimated R values in between 0.8 to 0.9 
m2.K/W (Jelle et al, 2012) but almost unchanged R value at centre of glass with metal 
frame because it does not count the heat conduction through the edges and frame. R 
values of the glazing can be reduced with two or three glass sheets with or without low 
emittance coatings. Air filled double glazing with wood/vinyl frame window have 
Window 
Frame 
Wall 
Edge of 
Glass  
Sash 
Glazing Layers 
Centre 
of Glass  
Spacers 
Not to scale 
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similar R values to argon gas filled double glazing with metal frame; because metal 
frame has high thermal leakage compared to wood/vinyl (Doty and Turner, 2009).  
 
2.4. Gas filled Glazing 
 
Heavy gases such as Argon (Ar), Krypton (Kr), or Xenon (Xe) in a space between two 
glass sheets with a rim seal improves thermal performance compared to double air filled 
glazing because heavy gases have lower thermal conductivity than air. The thermal 
performance of Xenon or Krypton is better than argon gas because the density of Xenon 
and Krypton gas is greater than argon gas. Krypton gas has less density than Xenon gas. 
One serious problem with rim seals is as they are not perfectly leak tight, part of the 
filling gas may diffuse out and air could diffuse into the space, resulting in a 
deterioration of the thermal performance (Graves and Zarr, 1997) & (Gross and Fricke, 
1997). The Ucentre values of double glazing, each 4mm thick glass sheet with a low 
emittance coating, for varying cavity widths and different gases are shown in Fig. 2.6 
which was reported by Heath et al (2010), in which the calculations were based on ISO 
15099 (2003). 
Figure 2.6: Ucentre value calculations in accordance with ISO 15099: 2003 (ISO, 2003) 
for double glazing with two low emittance coatings.      (Heath et al, 2010) 
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Glazings with cavities filled with different gases improves thermal performance (from 
3.5 to 1.4 Wm-2K-1) depends on the cavity thickness. Fig. 2.6 shows the predicted best 
thermal performance of the Xenon gas filled double glazing at the cavity width of 
20mm to be 1.4 Wm-2K-1 compared to other gas filled glazings. Predictions made by 
Heath et al (2010) shows that the air and argon gas filled double glazing can have same 
Ucentre value (1.8 Wm-2K-1) at different cavity widths (10 mm for argon gas filled double 
glazing and 15 mm for air filled glazing). It can be seen from Fig. 2.6 that the minimum 
Ucentre value can be achieved at the cavity width of 20mm in air filled double glazing 
down to 1.8 Wm-2K-1. The optimum cavity width with Krypton gas filled double glazing 
is considered to be around 10mm and for Xenon around 7mm. From this graph it can be 
seen that the thermal transmission Ucentre value of these gas filled glazing units cannot 
be reduced to below 1 Wm-2K-1 (Manz, 2008). With vacuum glazing, the thermal 
transmission Ucentre value can be reduced down to 0.8 Wm-2K-1 when evacuating the 
space between two low e coated (e.g. tin-oxide coating 𝜀 of 0.15) glass sheets. A 
pressure of less than 0.1 Pa reduces gaseous conduction and convective heat transfer to 
at a negligible level (except heat conduction through support pillars, and edges) and 
radiation heat transfer can be reduced using soft low emittance coatings (e.g. silver 
coating 𝜀of 0.02).  
 
2.5. Aerogel Glazing 
 
Aerogel is a dried gel in which the  liquid component is replaced with a gas resulting in 
a very low density solid known as frozen smoke or solid smoke due to its semi-
transparent nature and the way in which light disperses in the material (Husing et al, 
1998) and (Abul, 2007). Silica aerogel is a highly porous solid material, discovered in 
the early 1930s, with pore diameters in the range of 10-100nm. The porosity is greater 
than 90%. This, combined with the nanometre pore size, makes aerogel a highly 
insulating material, having thermal conductivity values in a range of 0.03-0.004       
Wm-1K-1 depending on the thickness of the aerogel cavity. This enables a thermal 
transmission Ucentre value lower than air to be achieved (Fricke, 1986). There are two 
types of silica aerogel glazing: granular aerogel and monolithic aerogel. 
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A granular aerogel based glazing, was developed by ZAE Bayern as mentioned in 
Baetens et al (2011). Granular aerogel is sandwiched in a 16mm wide polymethyl 
methacrylate (PMMA) double skin-sheet in between two glass sheets spaced at either 
12 or 16mm in width from the pmma filled with either krypton or argon gas, as shown 
in Fig. 2.7. The g value of a glazing with two low-e coatings emissivity of 0.08 was 
reported in Baetens et al (2011) to between 0.33 and 0.45 with a Ucentre value of between 
0.44 and 0.56 Wm-2K-1. The overall thickness of the granular aerogel glazing is reported 
to be about 40mm. 
 
 
 
 
 
 
 
 
Figure 2.7: Cross-section through a granular aerogel based glazing consisting of two 
glass sheets with a low-e coating on the inside surface, two gas gaps and an aerogel 
filled PMMA double skin sheet.                                        (Reim et al, 2005)  
 
A monolithic aerogel-based glazing was developed by the HILIT+ (Highly Insulating 
and Light Transmitting Aerogel Glazing for Super Insulating Windows)  project of the 
European Union, as shown in Fig. 2.8a (Jensen et al, 2004). This 20mm wide glazing 
(13.5mm thick of aerogel material) was developed using vacuum technology with a 
pressure of between 1 to 10 mbar (100 to 1000Pa). An overall heat loss coefficient of 
0.6 Wm-2K-1 was achieved with a g value of more than 0.75 (Baetens et al, 2011). Fig. 
2.8b shows the Ucentre values in relation to g values, the dots show the values for specific 
glazing units and the straight lines show the net energy balance during the warm season 
of the Danish climate (Jensen and Schultz, 2007). 
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  (a)       (b) 
Figure 2.8: (a) Cross-section of a monolithic aerogel based evacuated glazing (Jensen 
et al, 2004). (b) Ucentre and g values of HILIT aerogel glazing (Baetens et al, 2011). 
 
Commercial aerogel daylight systems produced were by Cabot Aerogel, under trade 
name NanogelTM and Okagel® (Cabot Aerogel, 2011), with an achievable Ucentre value 
of between 0.6 and 0.3 Wm-2K-1 for layers of 30 and 60mm. In which the thermal 
conductivity of aerogel was reported to be 0.018 Wm-1K-1 and visible light transmission 
τv of 0.40 (Baetens et al, 2011). 
 
Aerogel is an highly insulating material and can be used for energy saving glazings in 
future windows. With aerogel filled double glazing the best possible thermal 
transmittance reported was 0.5 Wm-2K-1, as shown in Fig. 2.7. Due to its semi 
transparency, greater thickness than conventional glazing and high cost of aerogel 
materials, aerogel glazings were not deployed in the UK. Vacuum glazing has the 
potential to provide a clear transparent view (except for tiny dots due to support pillars), 
narrow width of about 12.6mm (about one third that of granular aerogel-gas filled 
glazing), the space between the two glass sheets is evacuated to a pressure of less than 
0.1 Pa rather than including any medium or material.  
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2.6. Vacuum Glazing Units 
 
2.6.1. Background 
 
The concept of using vacuum for improved thermal insulation was discovered in 1892 
by James Dewar, who invented the vacuum Dewar flask. The basic working principle of 
the Dewar flask is similar to that of vacuum glazing, the idea of vacuum glazing was 
first introduced in a German patent filed in 1913 (Zoller, 1924). In vacuum glazing the 
space between two glass sheets is evacuated to high vacuum pressure (0.13 Pa to 
1.33x10-4 Pa) in order to reduce conductive and convective heat transfer to negligible 
levels, heat transfer through radiation can be minimised using by low emittance coatings 
(Eames, 2008). Due to the difference between atmospheric and vacuum glazing pressure, 
spacers are required to prevent the glass sheets touching each other. These spacers are 
called support pillars and typically have radii from 0.1 to 0.2 mm and height of 0.1 to 
0.2mm. In vacuum glazing even a small vacuum space gives the same thermal 
performance because radiative heat transfer is the same at any cavity width/space. An 
hermetic edge seal around the periphery of the glass sheets is required to maintain the 
high level of vacuum and avoid the problems of gas leaks, degradation of coatings, and 
absorption of moisture. Heat transfer through conduction occurs because of the 
contiguous heat transfer path formed by the support pillar and edge sealing materials.  
 
The first published report detailing the successful fabrication of a vacuum glazing was 
in 1989 by Robinson and Collins with the method of using Schott solder glass type 8467 
(lead borate glass) (SchottGlas, 2013), a sealing temperature of around 450°C, as an 
edge sealing material for the fabrication of vacuum glazing (Collins & Robinsons, 
1991). Since this date, substantial developments in the science and technology of 
vacuum glazing have been achieved by Collins and his group at the University of 
Sydney. Garrison and Collins (1995) outlined a mass production processes for vacuum 
glazing and provided cost estimates. This idea was later patented in 1997 (Collins& 
Robinson, 1997). Collins and Simko (1998) investigated the construction of vacuum 
glazing and its method of manufacture in the laboratory, with a Ucentre value for a 1x1m 
sample with two internal low emittance coatings was measured at 0.8 Wm-2K-1. This 
method is the basis of vacuum glazing under the trade name of ‘SPACIA’ in Japan by 
Nippon Sheet Glass (NSG) (NSG-Spacia, 2012). The lead based solder-glass material 
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used in the SPACIA vacuum glazing was confirmed by McSporren (2013).  The edge 
sealing process imposes restrictions over the use of low emittance coatings as it requires 
heating of the whole glazing up to 450°C, with only hard coatings able to survive at this 
temperature. 
 
A low temperature (less than 200°C) method of edge sealing using indium alloy was 
theoretically and experimentally analysed by fabricating vacuum glazing at the 
University of Ulster and reported in Griffiths et al (1998). The heat transfer coefficient 
Ucentre value of a 1x1m sample was reported to be 0.9 Wm-2K-1 with a visible 
transmittance τv of 0.72 (Griffiths et al, 1998). This low temperature based fabrication 
method allowed the use of soft low emittance coatings. The cost of indium in the UK 
and its scarcity is one of the challenges in advancing this technology to the mass 
production level. This is because, according to Schampera and Herzig (2002) and 
predictions of Maness (2010) on the availability of indium, the abundance of indium in 
the earth’s crust was estimated to be about 0.05 ppm for the continental and 0.072 ppm 
for the oceanic crust, respectively, which is much less than the abundance of Sn i.e. 2 
ppm in the earth’s crust. Details of the indium based method and the development of a 
new low temperature edge sealed vacuum glazing units are discussed in Chapter 4. 
 
The concept of hybrid triple vacuum glazing was introduced by Asano et al (1999). This 
consists of vacuum and gas cavities. The thermal performance Ucentre value was reported 
to be between 0.7 and 0.9 Wm-2K-1. 
 
The concept of triple vacuum glazing was first introduced in a European patent 
(Wuethrich, 2005). The investigation of the heat transfer and the basic mechanical 
design constraints of triple vacuum glazing were reported in Manz et al (2006) and 
focused on the emittances of the glass sheet surfaces inside the cavity, the support pillar 
radius, the support pillar separation and thermal conductivity of the support pillar 
material. A Ucentre value of less than 0.2 Wm-2K-1 was predicted using support pillars 
thermal conductivity of 20 Wm-1K-1, pillar radius of 0.1mm, pillar spacing of 30mm, 
6mm-4mm-6mm sheets of soda lime glass and four low-e coatings of (ε=0.03). Fang et 
al (2010a) predicted a Ucentre value of 0.26 Wm-2K-1 for a triple vacuum glazing using an 
indium alloy as the edge seal, three 4mm thick glass sheets of 0.5x0.5m, each cavity gap 
was 0.12mm wide, the pillar radius was 0.15mm and the spacing was 25mm.  
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Dual anodic bonding of liquid metal seal, ALTSAB-Activated Liquid Tin Solder 
Anodic Bonding, was claimed to form the edge seal in a vacuum glazing (Koebel et al, 
2011). Initially declared in a project report (Koebel, 2007) a predicted Ucentre value of 
0.2 - 0.5 Wm-2K-1 was predicted for double vacuum glazing with two low emittance 
coatings at 0.01 Pa vacuum pressure. These predicted values reported in Koebel (2007) 
contradict with the realistic predictions made by Griffiths et al (1998) and Zhao et al 
(2007). The predicted Ucentre value of less than 0.2 Wm-2K-1 for the triple vacuum 
glazing, reported in Koebel (2007), can be validated with the predictions of Fang et al 
(2010). ALTSAB method has not yet reported the successful fabrication of vacuum 
glazing.  
 
Despite the significant research work undertaken and progress made in the field of 
vacuum glazing science and technology, a cost-effective method is still required to 
realise the potential to retrofit in existing buildings. This study presents a new low 
temperature and a novel high temperature method for producing vacuum glazing edge 
seals. 
 
2.6.2. Components of Vacuum Glazing 
 
2.6.2.1. Edge Sealing Techniques 
 
The hermetic edge seal of a vacuum glazing must be capable of maintaining a vacuum 
pressure of less than 0.1Pa, in order to suppress gaseous conduction, for the expected 
life of 20 years required for a vacuum glazing. Edge sealing of two glass sheets using a 
high power laser through a quartz window in a vacuum chamber was developed by 
Benson et al (1984). This method achieved a hermetic seal but the level of vacuum was 
not less than the required, 0.1 Pa, due to gases and vapour molecules caused by laser 
sealing technique (Eames, 2008). A high temperature edge sealing technique was 
developed by the group lead by Collins at the University of Sydney, which is based on 
solder glass, as shown in Fig. 2.9a, sealed at high temperatures around 450˚C 
(Robinson and Collins, 1989), (Collins and Simko, 1998), and (Collins et al 1999). This 
technique achieved a Ucentre value of 0.8 Wm-2K-1 and was subsequently developed to 
the production level. The problems with the high temperature edge sealing method is 
that it causes degradation of soft low emittance coatings meaning that only hard 
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coatings can be used. Toughened glass also cannot be used due to the loss of temper at 
high temperatures. Low temperature solder glass materials were investigated to form a 
hermetic edge seal, but durability was a problem due to the absorption of moisture. 
Polymers have problems of both gas permeability and out gassing (Eames, 2008). 
 
 
 
 
 
 
 
 
     (a)    (b)    (c)    (d) 
Figure 2.9: Schematic diagram of vacuum glazing using different edge seal (a) solder 
glass (Collins and Simko, 1998) (b) solder glass with metallic substrate (Cooper, 2011) 
(c) indium alloy (Griffiths et al, 1998) (d) Dual interface anodic bonding of liquid metal 
seal(Koebel et al, 2011). 
 
The use of a metallic gasket component and solder glass as an edge seal was patented 
by Cooper (2011), as shown in Fig. 2.9b. The reason for using a metallic component 
was reported to be that when the edge seal is entirely made of solder glass the direct 
contact could be disadvantageous in certain climate conditions such as in the hot, cold, 
or windy conditions and breakage of the window could also be possible under extremes 
of these conditions. 
 
A low temperature edge sealing technique about 160°C developed at the University of 
Ulster based on indium or indium alloy, as shown in Fig. 2.9c. It requires secondary 
adhesive seal to protect the seal from moisture (Griffiths et al, 1998) and (Zhao et al, 
2006). A low temperature sealing process allows the use of low emittance soft coatings 
which reduce radiative heat transfer between the glass sheets and also permits 
toughened glass to be used allowing increase in support pillar spacing reducing 
conductive heat transfer in the pillar array. The main problem with the low temperature 
based indium seal is the cost; because of this the low temperature indium sealed vacuum 
glazing process has not yet been commercialised (Eames, 2008) and (Manz et al, 2006). 
 
 
Indium Alloy 
Metallic Substrate joined 
with solder glass 
Solder glass 
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ALTSAB (Activated Liquid Tin Solder Anodic Bonding) is a dual interface anodic 
bonding (glass-metal-glass) technique. This method uses SnAl0.6 wire, a tin solder 
alloy containing an activating aluminium metal which is anodically bonded to alkali 
rich glass substrates in the liquid state. This provides the ability to directly form glass-
metal-glass seals hermetically at a temperature 300˚C using an electrochemical process, 
as illustrated in Fig. 2.9d. Due to the occurrence of oxidation at elevated temperatures in 
a solder metal surface, the edge sealing process has to be performed in a high vacuum 
environment (0.005 Pa). Dual interface bonding can produce sandwich structures, which 
can be useful for manufacturing glass-metal-glass objects or composites. 
 
2.6.2.2 Support Pillar Array 
 
The array of support pillars are required to maintain the narrow gap/vacuum space 
between the two glass sheets. The glass sheets are in contact with the pillars and endure 
internal stresses and radial tensile stresses externally, due to the difference between 
atmospheric and vacuum pressure. The pillars must be of the appropriate material, with 
size and spacing in order to withstand the external atmospheric pressure on the glazing. 
Suitable pillar materials are divided into ceramics, such as alumina; and metals, such as 
stainless steel (k= 16 Wm-1K-1 and Inconel 718 (a nickel based alloy, k=11.4 Wm-1K-1). 
Pillars are typically 0.125-0.25 mm in radius and 0.1-0.2 mm in height and they are 
generally positioned in a square array, separated by 20mm-40mm depending on the 
thickness of the glass sheet. 
 
The design of the pillar array is based on five design principles: 
 
(a) Compressive stress in the pillars should not exceed the allowable limit (Fischer-
Cripps et al, 1995), (allowable compressive stress for stainless steel is assumed as 
1.5GPa (Manz et al, 2006) or at least 1GPa (Wilson et al, 1998). 
 
(b) The maximum external tensile stress in the glass sheet should not be exceeded; this 
limits the pillar separation in relation to the glass sheet thickness, the tolerable level of 
external tensile stress proposed is 4MPa due to atmospheric pressure on the outside 
surface of the glass sheets above the pillars (Collins and Simko, 1998) (Fischer-Cripps 
et al, 1995). 
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(c) Indentation fracture must not appear in the glass near the support pillar. 
 
(d) The avoidance of any mechanical instability due to the tiny support pillar radii 
compared to their height. 
 
(e) The support pillars should be hardly visible (Manz et al, 2006).  
 
               
 
 
                         (a)             (b) 
Figure 2.10: (a) Design parameters for 4 mm/4 mm/4 mm triple vacuum glazing with 
two low-emittance coatings and thermal conductance of pillar array, Cp < 0.35 Wm-2K-
1.(b) Design parameters for 6 mm/4 mm/6 mm triple vacuum glazing with four low-
emittance coatings and thermal conductance of pillar array, Cp < 0.2 Wm-2K-1. The 
range of possible pillar radii and pillar separations is shaded.     (Manz et al, 2006) 
 
Fig. 2.10 illustrates the selection of pillar radius in relation to pillar separation for two 
different thicknesses of glass sheets and a number of low emittance coatings, assuming 
the pillar thermal conductivity kp is 20 Wm-1K-1 and the emittance of the surfaces is 
0.03. The magnitude of the stresses above the pillars depends on the thickness of the 
glass sheet, increase of glass sheets thickness allows increase of pillar separation 
(Griffiths et al, 1998) and (Fang et al, 2004). The shaded area represents appropriate 
design values of pillar separation and pillar radii. In order to not exceed the required 
bending stress and deflection in the glass sheets, the pillar separation should be the 
maximum based on the glass thickness, glass type (tempered or untempered) and pillar 
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radii. (Manz et al, 2006). Fig. 2.10a agrees with the Collin et al (1999) pillar radius and 
separation relation. With increased thickness of glass sheets, the pillar separation can be 
increased as shown in Fig. 2.10b. 
 
Increasing pillar radii results in a higher rate of heat transfer through each pillar (Cp), 
thus the Ucentre value increases. Increasing the pillar separation leads to a decrease in the 
total thermal conductance, due to the reduction in the number of pillars required per unit 
area of the glass as shown in Fig. 2.11.  (Griffiths et al, 2006).  
 
 
 
 
 
 
 
 
 
Figure 2.11: Thermal performance of the centre of sheet U value of a vacuum glazing 
with varying pillar radius and pillar separation.                               (Griffiths et al, 2006) 
 
2.6.2.3. Low Emittance Coatings 
 
Emissivity 𝜀 of a surface is a ratio of the radiation emitted by a surface to the radiation 
emitted by a blackbody at the same temperature (Incropera and Dewitt, 1996), on a 
scale of 0 to 1. Low emissivity refers to a surface that has low levels of radiant thermal 
energy emissions. A blackbody has an emissivity of 1 and a perfect reflector has an 
emissivity of 0. Reflectivity is inversely proportional to emissivity and when summed 
for an opaque surface a value of 1. For example, if the emittance of silver is 0.02 then 
its reflectance is 0.98. This means it reflects more about 98% of the radiant energy and 
absorbs 2% of radiant energy. The emissivity depends on the temperature, emission 
angle, wavelength and surface roughness. Soda lime glass has an emissivity of 
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approximately 0.845 (BS 6993, 1989), pyrolytic coatings can achieve emissivities of 
approximately 0.40, and sputter coating can achieve emissivities of 0.10 and lower. The 
emissivities of selected different material surfaces are presented in table 2.1, (Russ, 
1999) and (John et al, 1996). 
Table 2.1: The emissivity of selected surfaces.                                        (ASHRAE. 2009)   
 
 
 
 
 
 
 
 
 
 
 
Low emittance coating can be applied on the surface of the glass sheet either by 
sputtering or pyrolytic coating processes. The lowest emissivities are achieved with a 
sputtering process by magnetically depositing (e.g. silver) to the glass inside a vacuum 
chamber (Doty and Turner, 2009). Sputter coated surfaces must be protected within an 
insulated glass unit and are often called “soft coatings” and include coatings such as 
silver (Ag), Titanium dioxide (TiO2), Zinc oxide (ZnO), and Aluminium Oxide (Al2O3) 
(Griffiths et al, 1998). Pyrolytic coating is a method which applies tin oxide (SnO2) to a 
glass surface while it is somewhat molten. The pyrolytic coatings have higher 
emissivities than sputter coatings; the surfaces are however more durable and can 
survive higher temperatures (up to 400°C before degrading). 
 
The purpose of a low emittance coating on a glass sheet is to reduce heat loss due to 
long wave radiation. In triple vacuum glazing, decreasing the emittance of the coatings 
reduces the thermal transmittance, U value. Fig. 2.12 illustrates Ucentre and Utotal values 
for 0.5x0.5m and 1x1m triple vacuum glazings. The triple vacuum glazing Ucentre value 
is always less than the Utotal value because the latter includes conduction heat transfer 
due to the metallic edge seal of the glazing (e.g. indium alloy). The total conduction 
includes that due to the support pillars. However, the simulated Utotal value of a 
0.5x0.5m triple vacuum glazing with surface emittance of 0.03 is 0.84 Wm-2K-1, for a 
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1x1m glazing this is 0.64 Wm-2K-1(Fang et al, 2010b). This illustrates that increasing 
the size of the glazing decreases the impact of edge effects and therefore improves total 
thermal transmittance values; however, the Ucentre value is the same for both sizes as it 
doesn’t include the edge effects and is predicted to be 0.24 Wm-2K-1(Fang et al, 2010b).
                                    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12: U value of the triple vacuum glazing with various emittances of low-e 
coatings.                                                                             (Fang et al, 2010b) 
 
 
The thermal performance not only depends on the size of the glazing but also on the 
number of low emittance coatings as shown in Fig. 2.13. The Ucentre and Utotal values of 
a triple vacuum glazing with one, two, three and four low emittance coatings of 0.18 are 
presented. Triple vacuum glazing with four low emittance coatings having simulated 
Ucentre value 16.63% and Utotal value 7.47% smaller than the glazing with three low 
emittance coatings. This illustrates that increasing the number of coatings on the glass 
surfaces decreases the heat transfer due to long wave radiation and improves the thermal 
performance. The simulation results indicated that when using three low-e coatings in a 
triple vacuum glazing, the vacuum gap with two low-e coatings should be set to the 
direction facing the hot side environment, while the vacuum gap with one coating 
should face the cold environment (Fang et al, 2010b). 
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Figure 2.13 Comparison of Ucentre and Utotal values of triple vacuum glazing with one, 
two, three, and four low-e coatings.                    (Fang et al, 2010b) 
 
2.6.2.4 Getters 
 
Getters are reactive and highly porous materials that absorb any gases outgassed from 
the internal glass surfaces in to the cavity of the vacuum glazing from the glass surface 
preventing degradation of system performance and providing long term vacuum 
stability of the glazing (Zhao et al, 2007). Outgassing occurs due to the release of 
a gas that was dissolved, trapped and/or absorbed either on the glass surface or on the 
edge sealing material.  This can lead to a conductive and convective heat transfer path 
through the cavity, in addition to heat transfer through pillars and an edge seal. The 
spacers/pillars could also be used as a getter (Aggas et al, 2002) but the design would be 
complex. Providing a getter separately is advantageous for pressure maintenance and 
removal of gas molecules. The assembly of a getter in a vacuum glazing unit is shown 
in Fig. 2.14, a getter material is enclosed between the two glass sheets, a ‘bung’ is 
sealed with frit such as solder glass or other sealing material.  
 
 
 
 
Figure 2.14: Vacuum Glazing with Getter.                 (Cooper et al, 2009) 
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SAES Getters use materials formed of alloys or materials including barium, aluminium, 
magnesium, calcium, sodium, strontium, caesium, and or phosphorus (SAES getter, 
2007). SAES makes sintered porous non evaporable getters (NEGs) that are available in 
planar form and with a total thickness of a few hundred microns and activation 
temperatures of 350-500˚C. Non-evaporable getters (NEGs) are generally made up of 
alloys of three materials from Zirconium, Titanium, Cobalt, Vanadium, Nickel, or 
Aluminium (SAES getter, 2007). The use of vanadium is restricted due to its toxic 
nature. The disadvantage of NEG alloys are they raise exothermic reactions when the 
alloy is heated to 250˚C that raises temperatures to around 1000˚C, endangering the 
safety of workers and degrading glass coatings. The NEG getter can be used for the low 
temperature sealed vacuum glazing by activating using induction heater. The activation 
temperature of NEG getter i.e. 350-500 ˚C would degrade low emittance coatings, if 
using an indium alloy as the edge seal with low-e silver coating on the glass surfaces.  
A new gettering system, the Combogetter is pre-treated and sealed under argon in a 
blister package. Combogetters made of CaO/BaLi4/Co3O4 in a layered structure do not 
require activation. CaO absorbs water and some CO2, BaLi4 absorbs nitrogen and a 
combination of CO/CO2, Co3O4 absorbs H2. Due to its reactivity, exposure to air has to 
be minimized to less than 5 minutes (SAES getter, 2007). The Combogetter absorbs the 
out gassed and long term permeating gases. Both NEG and Combogetter can be affected, 
in terms of their lifetime, depending on the amount of gaseous molecules adsorbed on 
internal surfaces of the vacuum cavity (Manini, 1997). 
Using a Combogetter (thickness 6.5mm and width 28mm) in a triple vacuum glazing is 
complex in the case of using three glass sheets of thickness 4mm and vacuum gap of 
0.13mm (Manini, 1997). It requires one complete circular hole in the middle glass sheet, 
1.15 mm hole on other two glass sheets at the side of vacuum gap as shown in Fig. 2.15. 
Combogetter can be very difficult to install in a vacuum glazing due to the edge sealing, 
evacuation and pump-out sealing processes. Due to the nature of experiments and 
fabrication techniques getters are not used for the fabrication of double and triple 
vacuum glazing samples in this study.  
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Figure 2.15: Schematic diagram of Combogetter/NEG placement in a triple vacuum 
glazing. 
2.6.3. Current Fabrication Methods of Vacuum Glazing 
 
In this study two methods are discussed which were successful in fabricating vacuum 
glazing units. One is the high temperature (around 450˚C) based fabrication method, in 
which solder glass was used for sealing the edge of two glass sheets hermetically 
(Garrisons and Collins, 1995). The Second is the low temperature (around 157˚C) 
based fabrication method, in which indium was used to seal two sheets of glasses 
hermetically (Griffiths et al, 1998).  
 
2.6.3.1. High Temperature (Solder glass) Sealed Vacuum Glazing 
 
A solder glass based vacuum glazing design is shown in Fig. 2.16. The process stages 
used at the large manufacturing scale were outlined by Garrisons and Collins (1995).  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16: A schematic Diagram of a solder glass sealed vacuum glazing fabricated 
at the University of Sydney.                               (Garrisons and Collins, 1995) 
 
CHAPTER 2 
 
 29 
1) Cut the glass sheets to the required size, one glass sheet a few millimetres smaller 
than the other so that solder glass can be placed around the periphery. Drill a small hole 
for the installation of the pump-out tube near the corner (around 5x5cm) of the larger 
glass sheet. 
 
2) Clean the glass sheets using an automated washer and drier conveyor system. Initial 
bake out of the glass sheets to the temperature of more than 150°C to remove water 
particles. Because these water particles may lead to degradation of vacuum due to the 
production of CO and CO2 when exposed to sunlight (Eames, 2008). 
 
3) Place the array of support pillars on the lower glass sheet in the specified spacing. 
Place another glass sheet on top of the pillars. Connect pump-out tube on the lower 
glass sheet and apply solder glass paste around the tube. 
 
4) Apply solder glass paste around the edges of the glass sheets in a way to cover the 
edges properly. 
 
5) Place the sample into a conveyor heating oven where it can be heated to a 
temperature around 450˚C at which the solder glass melts.  
 
6) Allow sample for cooling to a temperature around 200°C. At the same time, apply 
external pressure so that two glass sheets are at the specified spacing. 
 
7) Attach a vacuum system to the pump-out tube and evacuate whilst maintaining 
vacuum temperature for approximately 30 min before to cooling to around room 
temperature and sealing the pump-out tube by electric heating element attached inside 
the vacuum cup.  
  
8) Remove the vacuum system and attach vacuum tube protective cover and undertake 
for visual inspection and thermal performance characterisation. 
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Several design options based on evacuation through a small pump-out hole or aperture 
have been developed. The technique used by Collins makes vacuum glazing with a stub 
on the surface of the upper glass sheet (Collins and Simko, 1998) illustrated in Fig. 
2.17a. This stub may provide a possible mechanical weakness and is not visually 
attractive because of the protection cap (Zhao et al, 2007). 
 
The first commercial vacuum glazing was produced in Japan by Nippon Sheet Glass 
Company (NSG) with the help of the research work of Collins group under the trade 
name SPACIA for use in thermally insulating windows (Collins et al, 2006). NSG 
Company has produced three different systems SPACIA, SPACIA21 and Laminated 
SPACIA (NSG, 2003). The standard SPACIA system is a vacuum glazing, the available 
thickness of glass sheets are 3, 4 and 5mm. The pillar diameter is 0.5mm and the height 
is 0.2mm, these are spaced on a regular Cartesian grid at 20mm centres, a single low 
emittance coating (ε of between 0.15-0.18) is used. The resultant Ucentre value of the 
SPACIA product was reported to be 1.5 Wm-2K-1. SPACIA 21 is similar to a standard 
insulating glazed unit in which the inner glass sheet is replaced by SPACIA, an argon 
gas fill is used between the SPACIA and the exterior glass sheet which is either coated 
with a single silver low emittance coating or a double silver low-e coating. The Ucentre 
values obtained for this composite glazing range from 0.9 to 0.7 Wm-2K-1               
(NSG-SPACIA, 2012). Laminated SPACIA uses the standard SPACIA product and 
laminates it with an additional glass sheet and/or a polycarbonate sheet to provide a 
thermal performance similar to standard SPACIA with the strength advantages of 
laminated glass (Eames, 2008). The stub of the pump-out tube located 5cm from the 
glass edges is covered by a small permanent plastic cap ( of radius 12mm), called a 
protection cap, this remains on the glass surface, as shown in Fig. 2.17b, the cap should 
be faced inside the home or the building (Pilkington, 2011). 
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 (a)                                    (b) 
Figure 2.17: (a) A schematic diagram of vacuum glazing showing the stub of a      
pump- out tube (Ng et al, 2006). (b) A SPACIA vacuum glazing unit (Pilkington, 2011). 
 
2.6.3.2. Low Temperature (Indium alloy) Sealed Vacuum Glazing 
 
 
Two ways of producing low temperature (Indium alloy) sealed vacuum glazing have 
been developed at Ulster University. The single stage process uses a high vacuum 
stainless steel cylindrical chamber with a halogen infra-red heating system for 
evacuation and edge sealing in a single operation (Zhao et al, 2007) as presented in a 
Fig. 2.18. A schematic diagram of a vacuum glazing without a pump-out tube is shown 
in Fig. 2.19. This process provides an hermetically sealed glazing. The two stage 
process uses a pump-out method and solves the problems of out gassing.       
              
 
 
 
 
 
 
 
 
Figure 2.18: The single stage manufacturing process for indium-alloy sealed vacuum 
glazing without pump-out method.                          (Zhao et al, 2007) 
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Figure 2.19: A schematic diagram of an indium sealed vacuum glazing formed using 
the single stage process.                                                                         (Fang et al, 2009) 
 
A schematic diagram illustrating the modified design of vacuum cup and glass disc seal, 
shown in Fig. 2.20, is the two stage fabrication process for low temperature (Indium 
alloy) sealed vacuum glazing (Griffiths et al, 1998, Eames 2008). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.20: Schematic diagram of the indium sealed vacuum glazing with attached 
modified pump-out system                            (Zhao et al, 2007) 
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1) Cut two glass sheets of the same size and drill a pump-out hole (diameter of 1-3mm) 
in one of the corners of the glass sheet spaced at around 5cm from the edge.  
 
2) Clean the glass sheets with the pure water, acetone (removes tiny dust particles or 
other contaminating chemicals) and with isopropanol (due to the use of acetone, even 
some dust particles remain on the glass sheets and need to be removed). In addition, the 
glass sheets can be cleaned using an ultrasonic bath, this uses ultrasonic vibrations and 
pure water, this removes chemical contaminants. In order to remove water molecules, 
an initial bake out is required at a temperature of 150-200°C.  
 
3) Apply indium alloy around the periphery of the glass sheets using an ultrasonic 
soldering iron. Prepare a glass disc and ultrasonically solder indium on one of the 
surfaces for pump-out hole sealing. For ease of soldering without affecting glass sheet 
coatings it is required to heat the glass sheets by placing them on to a hot plate 
(aluminium base). The temperature of the hot plate can be raised to100°C. 
  
4) Place support pillars, required for maintaining the vacuum gap, on top of the glass 
sheet. Pillars are placed at a specified distance using a vacuum wand or paint brush. A 
printed pillar spacing and positioning template under the glass sheet shows pillar 
locations. 
 
5) Place the sample inside an oven and heat to around 160°C (the melting point of 
indium is 157°C). After the edge sealing forms, allow the glazing to cool to room 
temperature and apply a suitable adhesive (mixture of hardener and resin) around the 
glazing edges to prevent moisture ingress. 
 
6) Attach a vacuum cup over the pump-out hole area for evacuation. An electric 
cartridge heater is required inside vacuum cup to heat the glass disc (melt the indium) 
and seal the pump-out hole.  
 
7) Remove the vacuum cup and perform visual inspection and thermal performance 
testing. 
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2.7. Summary 
 
The aim of this chapter was to review the advantages of vacuum glazing systems and 
comparing to the existing gas filled and aerogel glazing systems thermal performance. 
This chapter has identified the advantages and research gaps of today‘s state-of-the-art 
vacuum glazings. These are the investigations on the development of alternative glass 
edge sealing materials and the thermal performance evaluation of the glazing systems in 
solid wall dwelling. A more specific review of these areas can be found in the 
introduction to chapter 4, 5 and 6. This has required designing and developing the 
vacuum glazing fabrication facility on a laboratory scale with a modified design and 
development of vacuum cup as discussed in Chapter 3. The gaps identified in the low 
temperature edge sealing material are the cost and scarcity of indium. This has been 
investigated by developing a composite edge seal and fabricating vacuum glazing units 
with the thermal performance prediction detailed in Chapter 4. The gaps identified in 
the high temperature edge sealing material are the use of lead-based solder glass and its 
cost. This has been investigated by developing methods and novel edge seal (which is 
lead-free, ultrasonic-soldering-free and cost-effective) and fabricating vacuum glazing 
units with the thermal performance predictions detailed in Chapter 5. The dynamic 
thermal analyses were carried out by investigating the potential reduction in building 
space-heating energy load and the effects of solar gains. In which the triple vacuum 
glazed windows were compared to the conventional glazed window systems in solid 
wall dwelling detailed in Chapter 6. 
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Chapter 3 
 
DESIGN AND DEVELOPMENT OF A 
VACUUM GLAZING FABRICATION FACILITY ON A LABORATORY SCALE 
 
 
 
 
 
 
 
This chapter presents a design for a vacuum glazing pump-out system to enable the 
investigations of low and high temperature seals for the fabrication of double and triple 
vacuum glazings. Vacuum pumps are briefly discussed with the selected system 
based on the requirement to experiments. The vacuum cup design used for the 
evacuation and sealing of the pump-out hole in the vacuum glazing units is discussed 
and compared to previous reported vacuum cup designs. Details of the general 
arrangement of the developed vacuum glazing production facility are also presented. 
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3.1. Introduction 
 
A lab scale vacuum glazing fabrication system was designed and developed based on 
the modified pump-out system design to fabricate glazings using both high and low 
temperature glass edge sealing materials. In the following sections the details of the 
design considerations and development of the production facility are presented. 
 
3.2. Design for the Evacuation of Vacuum Glazing System 
 
The developed vacuum glazing production system design is shown in Fig. 3.1. It can be 
seen that the vacuum pump is connected in series with the vacuum cup. For the 
measurement of pressure, a pressure gauge is connected in parallel with the vacuum 
pump. The angle valve with Swagelok adapter is included allow the system to be purged 
with nitrogen (inert gas); this is connected in series with a square cross-section tube. An 
angle valve is connected in series between the vacuum pump and vacuum cup. The 
dimensions of the components used in this design are presented in Table 3.1. 
 
Table 3.1: Dimensions of the components used in the vacuum system design. 
Components Dimensions in mm 
D=Diameter, L=Length 
Volume in mm3 
Angle valve with Swagelok 
adapter 
D3=42, L3=110 
D4=38, L4=47 
D5=38, L5=47 
152398.66 
53303.40 
53303.40 
Square cross-section tube D1=38, L1=41 
D2=38, L2=41 
D6=38, L6=41 
D7=38, L7=41  
46498.71 
46498.71 
46498.71 
46498.71 
Angle valve D8=42, L8=110 
D9=38, L9=47 
D10=38, L10=47  
152398.66 
53303.40 
53303.40    
hose/pipe D11=38, L11=690 782539.31 
Vacuum cup D12=35, L12=20 
D13=100, L13=150 
D14=35, L14=20 
D15=35, L15=20 
1099.56 
23561.95 
1099.56 
1099.56 
Total volume                                                                                 1513405.71 (1.51 litres) 
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Figure 3.1: A schematic diagram of the designed vacuum system showing the dimensions of the tubes, the vacuum cup is connected in series with 
the vacuum pump. 
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3.3. Selection of the Vacuum Pump 
 
To select the vacuum pump for the evacuation of the vacuum glazing units the 
following procedure were considered. 
 
 The vacuum pump should be capable of achieving a very high vacuum pressure 
typically in the range from 1.33x10-4 Pa to 1.33x10-7 Pa.  
 
 The method of gas removal should be gas transfer instead of gas capture. In gas 
transfer, air molecules are removed from the pump to atmosphere rather than air 
molecules being captured in the pumping system. 
 
 The pump should be of an oil free/dry type. Pumps contamination in the oil type with 
oil molecules could occur on the surfaces of tubes, valves, hose and/or vacuum cup 
preventing an effective vacuum level from being achieved. This will also increase the 
level of outgassing in the vacuum system. 
 
 The pumping speed should be sufficient to achieve the required rate of evacuation and 
level of vacuum pressure. Vacuum pumps are available with pumping speeds of 3.33-50 
litres/sec. Choosing a low pumping speed could possibly reduce the cost, however, this 
will increase the time to achieve the required vacuum pressure. 
 
Based on the above considerations a number of vacuum pumps are available such as 
diffusion, molecular drag, turbo-drag hybrid, turbo-molecular, and cryogenic pumps. A 
turbo-molecular type pump was selected due to its availability in a range of vacuum 
pressures from 1.33x10-5 Pa to 1.33x10-8 Pa. In addition, the design prevents vapour 
streaming from the greased rotor bearings (Kurt J Lesker, 2011). Turbo molecular 
pumping speeds range from 50 to 3,500 litres/sec. With proper venting, the turbo 
mechanism stops in less than a minute. This means that vacuum cup venting can be 
accomplished without the need for a valve to separate the pump and vacuum cup.  
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The EXT75DX T-Station was selected for this vacuum system, as illustrated in Fig 3.2. 
It consists of a turbo molecular pump and a diaphragm backing pump XDD1. The 
ultimate pressure that can be achieved is down to 5x10-6 Pa. The ultimate pumping 
speed that can be achieved is 61 litres/sec (Edwards, 2011).   
 
 
 
 
 
 
 
 
 
 
Figure 3.2: A schematic diagram of the T-Station EXT75DX turbo-molecular pump with 
XDD1 diaphragm backing pump used for evacuating the cavity/cavities of the vacuum 
glazing units.                 (Edwards, 2011) 
 
3.4. Gas Flow Regimes 
 
To obtain a vacuum in a volume of the system the density of gas must be reduced and is 
to be directly proportional to the gas pressure; in practice the gas pressure measures the 
level of vacuum (Weston, 1985). The rate at which the gas molecules are evacuated 
from the vacuum vessel, i.e. mass flow, determines the pressure drop.  The mass flow 
rate, M, can be expressed (in atomic mass unit of gas) by keeping the mass of gas, m, 
and temperature, T, in the vessel constant as, 
 
𝑑𝑀
𝑑𝑡
= 𝑚
𝜁𝑇
𝑄 (3.1) 
                           
Where ζ is the Boltzmann constant i.e. 1.38x10-23 Pa m2 K-1 and Q is the gas flow rate in 
Pa litres/sec. This can be expressed by knowing the pressure, P, and volume, V, of the 
gas as,  
 
Turbo-molecular 
pump inlet 
XDD1 Backing 
diaphragm pump 
T-Station 
Control Unit 
39.5cm 
35
cm
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𝑄 = 𝑑(𝑃𝑉)
𝑑𝑡
                                                                                                                       (3.2) 
 
The gas flow, Q, through a vacuum vessel or hose occurs due to the difference of 
pressure depending on the inside diameter of the tubes. The average distance any air 
molecule travels before colliding with another molecule is its mean free path λ in m 
(Guthrie, 1963) and Corruccini (1959). The collisions between molecules can be 
calculated using Equ 3.3. 
 
λ = ζ 𝑇
√2𝜋𝑃𝐷𝑚
2                                 (Lewin, 1965) (3.3) 
 
Where, T is the absolute temperature of the air in K (the tubes are under atmospheric air 
with an ambient temperature of 294.15K) and P is the air pressure in Pa. Dm is the gas 
kinematic diameter of the air molecule i.e. 4x10-10m, which is based on the assumption 
that the air molecules are smooth, rigid and elastic spheres (Turnbull & Riviere, 1962). 
 
The turbo-molecular pump will evacuate the air molecules continuously from the tubes, 
components, vacuum cup and cavity/cavities of the vacuum glazing unit. The rate at 
which the volumetric flow of gases evacuated from the system, shown in Fig. 3.1, is the 
pumping speed in litres/sec. In this type of turbo-molecular pump the ultimate pumping 
speed given to be 61 litres/sec, specified in the manufacturer’s datasheet (Edwards, 
2011).  One of the considerations taken into account when designing the vacuum system 
was to reduce the connections (tubes and pipe length) between the turbo-molecular 
pump and the vacuum cup so as to keep the pumping speed losses to a minimum level.  
 
Upon initiating a pump down the flow of air molecules is often turbulent or is called 
viscous flow regime in which the air pressure is 101.325 kPa and the mean free path 
between molecules was calculated to be 56.35x10-9m from the Equ. 3.3. As the air 
pressure decreases and the mean free path will increase, there will be fewer air 
molecules in a space to make collisions with each other in which the mean free path is 
roughly equivalent to the diameter of the tube and is called a laminar (transition) flow 
regime.  In a best case scenario the achievable vacuum pressure could be 5x10-6 Pa then 
the mean free path between molecules was calculated to be 1142m which is called a 
molecular flow regime. 
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The rate of evacuation, i.e. gas flow rate, is proportional to the rate of mass of air 
change. In addition to that, the layers of adsorbed gaseous molecules as a thin film on 
the internal surfaces within the tubes and vacuum glazing require longer evacuation, at 
least six hours, for achieving a good level of high vacuum pressure. Increasing the 
temperature from 100˚C could help in desorbing the layers of gaseous molecules but 
this may cause glass bending. This increases internal compressive and external tensile 
stresses in the glass sheets and an increase of a risk of cracking the edge seal. With a 
constant temperature, up to 60˚C, and volume of the vacuum system the flow rate into 
the turbo-molecular pump (Qi) from the vacuum system can be written as, 
 
Qi=SoPv              (3.4)   
 
The flow rate into the turbo-molecular pump (Qi) can be calculated to be 3.05x10-4 Pa 
litres/sec from the So ultimate pumping speed i.e. 61 litres/sec and the Pv ultimate pump 
pressure i.e. 5x10-6 Pa.  
 
3.5. Measurement of Vacuum Pressure 
 
The ATV (Atmosphere to Vacuum) transducer type 979, connected to a PDR 900 
digital pressure measurement readout, are used in the present study for the measurement 
of vacuum pressure in the designed vacuum system. This pressure gauge is located at 
the closest possible location to the vacuum cup to measure the approximate pressure in 
the cavity/cavities of the vacuum glazing units as shown in Fig. 3.1.  
 
The ATV transducer enables measurement of a wide pressure range from ultrahigh 
vacuum (1.33x10-8 Pa) to atmospheric pressure (101.33x103Pa). It consists of MEMS 
(Micro-Electro-Mechanical System) based MicroPirani gauge and a miniaturised hot 
cathode ionisation gauge in a single transducer unit (MKS Instruments, 2011). The 
MEMS based MicroPirani gauge measures pressure from 1.33x10-2Pa to atmospheric 
pressure. The hot cathode ionisation gauge measures pressure from 1.33x10-3 Pa down 
to 1.33x10-8Pa. A good discussion and literature review of the fundamental theory of 
Pirani and hot cathode ionisation gauges can be found in text books by Dennis and 
Heppell (1968) and Guthrie (1963). 
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The PDR900 digital controller provides readout of the pressure measurements. It can be 
interfaced to a computer for real time data logging of the evacuation pressure of the 
vacuum system. 
 
3.6. Vacuum Cup Design for Evacuation and Sealing of the Pump-out 
          Hole of the Vacuum Glazing Unit. 
  
A number of designs have been used in previous studies for the evacuation and sealing 
of the pump-out hole of a vacuum glazing unit. The first successful method of pump-out 
hole sealing was based on sealing a capillary glass tube, reported by Garrisons and 
Collins (1995) and Collins and Simko (1998). The capillary tube was bonded to the 
pump-out hole using solder glass during the edge sealing process and was then sealed 
after evacuation. An electrical resistance heater mounted in a vacuum cup was looped 
around the capillary tube. Resistance heating permits the tube to be sealed at around 
600°C when the correct vacuum is achieved. A modified pump-out sealing technique 
was reported by Zhao et al (2007). This approach used low temperature indium alloy 
soldered ultrasonically on to a glass disc for pump-out hole sealing. A cartridge heating 
element fixed inside a steel block in the pump-out cap was used to melt the indium and 
seal the hole. This method was observed at the University of Ulster to be difficult 
positioning the glass disc over the pump-out hole with a risk of dislocation of the 
heating block when the indium alloy on the glass disc melted during evacuation. A new 
vacuum cup system was designed for the evacuation and sealing of the pump-out hole 
on the vacuum glazing unit, by modifying the design reported in Zhao et al (2007), as 
illustrated schematically in Fig.3.3. 
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Figure 3.3: A schematic diagram of the vacuum cup design showing the heating block 
used for sealing the pump-out hole in the double vacuum glazing. 
 
In this modified design, shown in Fig. 3.3, the risk of dislocation of the heating block 
and the degradation of O rings due to continuous heating in the vacuum cup was 
reduced. Different types of materials such as silicone, Buna-N, Teflon or Viton are 
available, among which the Viton type is capable of sustaining temperatures up to 
250˚C. The Viton O ring decomposes at temperature above 250°C causing ingress of 
gas molecules from the atmosphere, to reduce this the O ring was selected to be around 
100mm in diameter, placing the O ring sufficiently away from the heating element to 
avoid degradation. The details of the vacuum cup design developed to seal either a 
circular glass disc (18mm) or square cover slip (around 18x18mm) pre-soldered with 
indium or Cerasolzer C186 alloy over the pump-out hole as follows: 
 
• The vacuum cup was designed and constructed with dimensions of 100mm diameter 
and 150mm height.  
 
• A heating element, cartridge heater and K type thermocouple were mounted to a 
metallic rod controlled through a supporting Y shaped block to provide vertical 
motion of up to 10mm, as shown in Fig. 3.4. 
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• A K type thermocouple fixed to the heating block measures the approximate glass 
disc/square temperature. Heat transfer at high vacuum occurs through both long 
wave radiation and conduction due to contact between the heating block and the 
glass disc. 
 
• The required temperature to achieve a seal is approximately 40˚C greater than the 
melting temperature of the pump-out sealing material used to seal the pump-out hole.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Photographs of the developed vacuum cup system for the evacuation and 
sealing of the pump-out hole in a vacuum glazing unit. 
 
Fig. 3.3 also shows the pump-out hole on the top of the double vacuum glazing located 
inside the vacuum cup. The radius of the pump-out hole in the glass sheet of the vacuum 
glazing unit needs to be reduced to less than 1.5mm to minimise the use of pump-out 
sealing material. To reduce the risk of glass fracture and risk of scratches on the glass 
surface due to manual drilling, a glass drilling machine at a local glass sheet supplier 
was used for pump-out hole drilling. However, due to the limitations in the available 
Heater with supporting block  Side view of the vacuum cup  
Bottom view of the vacuum cup Top view of the vacuum cup  
Y-shaped block 
Heating block 
Viton O ring 
K-type 
thermocouple 
230V ac power 
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drill radius, the minimum possible pump-out hole radius and volume was 2mm and 
50.26mm3, respectively. 
 
The volume of the vacuum gap in the double vacuum glazing (area of 280x280mm, 
subtracted the area of edge seal), shown in Fig. 3.3, was calculated to be 11758.47mm3 
(0.012litres) by taking into account the total number of pillars and volume occupied in a 
vacuum gap that are 144 (a pillar spacing of 24mm) and 1.53mm3 respectively. Thus the 
total volume including the vacuum system, i.e. 1.51 litres, was calculated to be 1.52 
litres. It can be seen that the total volume of the system is considered to be sufficient for 
the evacuation of vacuum glazing due to the high pumping speed of the selected turbo 
molecular pump i.e.61 litres/sec. 
 
3.7. The Arrangement of the Laboratory Vacuum Glazing Fabrication Facility 
 
The laboratory vacuum glazing fabrication system developed is shown in Fig. 3.5. This 
is based on the design presented in Fig.3.1.  The vacuum system was experimentally 
tested and the minimum achievable vacuum pressure was recorded to be 4.35x10-5 Pa. 
This deviates by 7.7% with the ultimate vacuum pressure of the turbo molecular pump.  
 
A radiative heating oven shown in Fig 3.6 was used in the fabrication of low and high 
temperature sealed vacuum glazing samples using Pilkington K-glass sheets of different 
sizes. Fig. 3.7 shows the support pillar placing area showing the pillar placing sheet and 
a vacuum wand machine used to move the pillars. 
 
 
 
 
 
 
 
 
 
 
CHAPTER 3 
 
 46 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5:  A photograph of the vacuum system developed based on the design 
presented in Fig.3.1 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Front view of the heating oven used for forming/melting the edge seals of 
the different vacuum glazing units. 
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Figure 3.7: Support pillar placing area showing the pillar locating sheet and vacuum 
wand system. 
 
3.8. Summary 
 
A laboratory vacuum glazing fabrication facility to enable investigations of low and 
high temperature sealed double and triple vacuum glazings was designed and developed. 
The experimental testing results have shown the achievable vacuum pressure in the 
vacuum system to be 4.35x10-5 Pa. This deviates by 7.7% with the ultimate vacuum 
pressure of the turbo molecular pump. A vacuum cup design to reduce the risk of 
dislocation of the heating block and the degradation of O rings due to continuous 
heating with the pump-out hole evacuation was discussed. The development of a new 
low temperature hermetic composite edge seal and the fabrication of double and triple 
vacuum glazings, using this production facility, are detailed in Chapter 4. 
Pillar locating 
sheet 
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Chapter 4 
 
A NEW LOW TEMPERATURE HERMETIC COMPOSITE EDGE SEAL DESIGN 
FOR THE FABRICATION OF DOUBLE AND TRIPLE VACUUM GLAZINGS  
 
 
 
 
 
 
 
 
 
This chapter presents a new method of fabricating vacuum glazing units at a 
temperature of less than 200˚C. Analysis of the bonding mechanism in a composite 
edge seal is performed. The design and fabrication of double and triple vacuum 
glazings with the measurement of vacuum pressure during pump-out are discussed. 
Measurements of the thermal conductivity of materials forming the composite seal are 
described. Development of a finite element model for the triple vacuum glazing to 
predict the thermal performance is discussed. The cost analysis of edge sealing 
materials used for double and triple vacuum glazing is also presented.  
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4.1. Introduction 
It is known that triple vacuum glazing has the potential to reduce the heat loss of a 
building (Memon & Eames, 2012) and is one of the solutions proposed for the reduction 
of carbon emissions (Xing et al, 2011). To reduce the heat loss to a level where the 
thermal transmittance of the central glazing area is less than 0.5 Wm-2K-1(Eames, 2008), 
the concept of triple vacuum glazing was introduced (Wuethrich, 2005). This consists of 
three sheets of glass, an air-tight seal around the periphery of the three glass sheets, and 
two evacuated cavities with a pressure below to 0.1 Pa to reduce the heat transfer by 
gaseous conduction and convection to a negligible level. Radiative heat transfer can 
usually be reduced by using low emittance coatings on the surfaces of the glass sheets. 
An array of stainless steel support pillars, typically 0.15mm high and 0.3mm diameter, 
maintain the separation of the three glass sheets, as illustrated in the Fig. 4.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: A schematic diagram of a triple vacuum glazing showing the primary edge 
seal made of Cerasolzer CS186 alloy and a secondary edge seal of J-B weld epoxy steel 
resin. 
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In buildings, where day-lighting and solar gains are advantageous, large window sizes 
are a desired feature for an increase of day-lighting and solar gains (Ochoa et al, 2012). 
In order to have an increase in the window size, without compromising the space-
heating load, vacuum glazing is a possible solution (Memon and Eames, 2012). For the 
larger size vacuum glazing, the use of tempered glass is required which loses temper at 
the temperature higher than 300˚C (Uhlmann and Kreidl, 1980) to form the edge seal.  
Thus, a low-temperature (less than 200˚C) method for fabricating the vacuum glazing 
unit is favourable in this case. 
 
A low temperature method of fabricating double vacuum glazing was first developed at 
the University of Ulster (Griffiths et al, 1998). This method was based on indium or one 
of its alloys to seal the edges of the glass sheets hermetically at a temperature of less 
than 200˚C. The predicted, and experimentally determined, thermal transmittance of an 
indium based double vacuum glazing was reported to be  less than 1 Wm-2K-1 for the 
central glazing area (Zhao et al 2007), (Eames, 2008), (Fang et al, 2007) & (Fang et al., 
2006). In this low temperature sealing method a radiative heat transfer can be reduced to 
a minimum possible level by using soft low-emittance coatings on the surfaces of the 
glass sheets such as silver (Ag), titanium dioxide (TiO2), zinc oxide (ZnO) and 
aluminium oxide (Al2O3) (Griffiths et al., 1998). 
 
Due to the cost and scarcity of indium, this method has limitations for mass production. 
There exists a need for an alternative low temperature edge sealing material that can 
overcome the cost challenges and possibly make this technology viable for mass 
production. 
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A number of metals and alloys were tested prior to the development of the low 
temperature method of sealing the glass edges hermetically. This includes Sn wires 
(purity of 99.95% and 99.999%), Sn63PB37, Sn90In10, Cerasolzer (type 297, 246, 224 
and 186) and the combination of these alloys with the use of annealed copper wire as a 
gasket. The laboratory experiments have shown a good hermetic bond but because of 
the glass bends and stretches during evacuation has caused cracks in the sealing area. To 
increase the mechanical rigidity of the primary edge seal, the secondary edge seal (i.e. 
adhesive such as araldite or J-B weld epoxy steel resin) was employed to provide the 
bonding strength. After rigorous experiments and understanding the behaviour of the 
Cerasolzer CS186 at different temperature regimes methods were developed for the 
fabrication of low temperature sealed vacuum glazing units detailed in the following 
sections. 
 
The primary edge seal, Cerasolzer CS186, is a composite of Sn(56%), Pb(39%), 
Zn(3%), Sb(1%) and Al-Ti-Si-Cu (1%) alloys (Senju Metal Industry, 2013).This metal 
alloy composition was disclosed in the Japanese patent 20098/1968 (Yamamoto et al, 
1990) and is a commercial product of Asahi Glass Co., Ltd (Asahi, 1991)(MBR 
Electronics, 2013). To date Cerasolzer CS186 has not been proposed for the formation 
of an air-tight glass-metal sealing for the fabrication of vacuum glazing unit. The 
secondary edge sealing material used is a steel reinforced epoxy known under the 
commercial trade name of J-B Weld epoxy steel resin. It is capable of sustaining 
constant temperatures of up to 260˚C with a maximum temperature threshold of up to 
316˚C for 10 minutes (J-B Weld, 2013). 
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4.2. Cerasolzer and Indium Surface Analysis 
 
Electron microscopic and X-ray high resolution Computed Tomographic (CT) systems 
were used to analyse micro-structural surface smoothness and consistency of both 
indium and Cerasolzer. Two 1mm thick slide cover slips each of area 20x20mm were 
bonded using Cerasolzer CS186 and indium. These materials were ultrasonically 
soldered on to the glass surfaces, as illustrated in Fig. 4.2. 
 
Fig. 4.2a shows a Cerasolzer coated specimen which has the appearance of a smooth 
and consistent flow on the glass surface, this is similar to an identically prepared 
specimen using indium shown in Fig. 4.2b.  
 
 
 
 
 
 
 
 
(a)       (b) 
 
 
 
(a)      (b) 
Figure 4.2: Scanning electron microscopy of two 20x20x1mm slide cover slips with 
indium and Cerasolzer CS186 ultrasonically soldered on the surface magnified at 
5000x: (a) Cerasolzer alloy sample and (b) indium sample. 
 
It was however found that the continuity of the indium layer on the glass edges with the 
use of ultrasonic soldering, to break the crust of the oxide layer on indium wire and 
subduct into seal, are necessary (Griffiths et al, 1998). The contiguous seal could be 
achieved if the seal was made in a vacuum environment. An X-ray high resolution 
Computed Tomographic system was used to analyse the indium seal and the Cerasolzer 
alloy seal. Two specimens, each of area 10x10mm, were fabricated with an indium and 
Lines of the ultrasonic (high frequency) 
movements of the tip of soldering iron 
Smooth and consistent surface 
CHAPTER 4 
  53 
a Cerasolzer alloy based materials under atmospheric conditions for comparing the seal 
continuity. Cross-sectional views of the interface between the glass to indium and glass 
to Cerasolzer alloy are presented in Fig. 4.3. It can be seen from Fig. 4.3a that the cross-
sectional middle view of the glass- indium seal has some traces of micro pinholes or 
voids with trapped air inside, which may affect the hermeticity of the edge seal when 
used for vacuum glazing. This phenomenon was also detected and discussed by Zhao et 
al (2006).  It can be seen from Fig. 4.3b that the micro pin holes with air trapped inside 
were less in number and smaller compared to those in the indium-glass seal. It has been 
reported by  Griffiths et al (1998), Eames (2008) and Zhao et al (2007) that an indium-
glass sealed specimen should not be overheated and requires a secondary adhesive edge 
seal to avoid moisture ingress.  
 
 
 
 
 
 
 
 
 
 
 
                                  (a)       (b) 
Figure 4.3: X-ray high-resolution Computed Tomographic (CT) cross-sectional view at 
the interface of the glass-indium seal (a) and the glass-Cerasolzer seal (b). 
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4.3. Glass-Cerasolzer Bond  
 
The formation of a contiguous and durable seal has proved to be difficult due, in part, to 
the mismatch of thermal expansion of glass, i.e. 8x10-6/˚C (Wang et al, 2007), and 
Cerasolzer alloy, i.e. 23.5x10-6/˚C (Senju Metal Industry, 2013). This is because when 
the glass and Cerasolzer heated the Cerasolzer expanded higher than the glass and 
contracted when cooled. The cooling process may introduce stresses on the sealing area 
if not gradually cool the sample down to an ambient temperature. To fill the micro holes 
on the glass surface and form an interlocking mechanical bond, an ultrasonic soldering 
technique was used in which the tip of the soldering iron produced ultrasonic vibrational 
forces that agitate the molten Cerasolzer alloy. 
 
A specimen of two 4mm thick k-glass sheets each of area 20x20mm fabricated with 
Cerasolzer alloy using an ultrasonic soldering iron at a temperature of 186˚C. 
Subsequently, this was sealed together inside a radiative heating oven set at a 
temperature of 200˚C. The front and rear side of the sample where the Cerasolzer alloy 
layer at the interface with the glass was examined using scanning electron microscopy 
and is presented in Fig. 4.4. The front side of the specimen shows the interface of the 
Cerasolzer alloy with the two glass surfaces. It can be seen that no cracks are observable 
in the interface in Fig.4.4a. The quantity and uniformity of the Cerasolzer alloy on the 
glass surface was considered important to achieve a contiguous seal. In this specimen an 
increased quantity of the Cerasolzer alloy was used to fill the gaps within the seal. It can 
be seen on the rear side of the specimen that the Cerasolzer material was leaking from 
the sealing area, as illustrated in the Fig.4.4b. This can be avoided by reducing the 
quantity of material. This experiment shows that the Cerasolzer alloy bonding with the 
glass has the potential in achieving a rigid seal. 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Figure 4.4: Scanning electron micrograph of glass to Cerasolzer metal alloy contiguous 
seal (a) Front surface of the specimen showing no cracks in the seal (b) Rear side of the 
specimen showing an excessive amount of Cerasolzer alloy which should be avoided to 
reduce the overall cost of fabricating the sample. 
 
Glass 
Glass 
Cerasolzer 
Glass 
Glass 
Cerasolzer 
CHAPTER 4 
  56 
4.4. Composite Edge Seal Interface Analysis 
 
Initial experiments, as outlined in Memon and Eames (2013), indicated that the 
proposed Cerasolzer edge seal is sensitive to glass bending due to the pressure 
difference between vacuum cavity and the atmosphere. J-B Weld epoxy steel resin as a 
secondary seal was introduced into the fabrication of the vacuum glazing units to 
increase the mechanical rigidity of the primary seal. The J-B Weld was selected due to 
its mechanical strength and hardness which was expected to keep the two glass sheets 
rigidly located with respect to each other. 
 
Two specimens of 4mm thick k glass were fabricated separated by six support pillars 
(height of 0.15mm and 0.3mm in diameter), to achieve an approximate 0.15mm thick 
seal. The composite edge seal interface was analysed using a scanning electron 
microscope with images shown in Fig. 4.5. Fig 4.5a shows two glass pieces sealed with 
Cerasolzer alloy and an epoxy on the one side edge of the specimen.  Fig 4.5b shows a 
similar bond with cracks and pin holes in the epoxy. This occurs when the mixture of 
steel reinforced paste and hardener are not at the same weight %. The use of J-B Weld 
epoxy steel resin as a secondary sealing material increases the mechanical strength only.  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Figure 4.5: Scanning electron micrographs of the composite edge seal made with two 
K- glass pieces separated by 6 support pillars (a) showing the composite edge seal of 
the specimen and (b) a specimen showing tiny pin holes with cracks in the secondary 
epoxy seal. 
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4.5. Fabrication process for Double Vacuum Glazing 
 
A multi stage fabrication method has been developed as shown in Fig. 4.6, using the 
pump-out system detailed in Chapter 3, and techniques similar to those described in 
Zhao et al (2007) and (Eames, 2008) and discussed in Chapter 2. Two 4mm thick K-
glass sheets of area 292x292mm (upper glass) and 300x300mm (lower glass) were used. 
The reason for using different sizes of glass sheets was to allow application of a 
secondary edge seal (J-B weld epoxy steel resin) uniformly around the periphery of the 
double vacuum glazing to support the Cerasolzer alloy based primary edge seal. The 
width of the primary edge seal was considered constant i.e. 10mm and a secondary edge 
seal i.e. 4mm to test and repeat the experiments for the successful fabrication of double 
vacuum glazing based on this new idea. There is a trade-off between choosing a 10mm 
width of the edge seal (for the purpose to increase the durability) and the edge effects on 
the thermal performance of vacuum glazing (i.e. an increase of heat transfer around the 
edge sealing area).The width of the secondary edge seal can be reduced to 2mm without 
compromising the seal durability. However these are new experiments and 
improvements could be achieved by lowering the total width of the edge seal from 
14mm to 8mm as detailed in the future work recommendations.    
 
 
 
 
 
 
 
 
 
Figure 4.6: Four stage composite edge sealing design process for the fabrication of a 
double vacuum glazing.  
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The following are the steps involved in the fabrication of the composite edge sealed 
double vacuum glazing:  
 
1) 4mm thick K-glass sheets were cut to the size of 292x292mm and 300x300mm. In 
the smaller sheet a hole diameter of 4mm was drilled for the evacuation of the cavity 
between the two glass sheets, located 75 mm from two edge of the smaller glass sheet.  
 
2) All sheets of glass were cleaned with water, acetone and isopropanol, followed by an 
initial bake-out at 120˚C in an oven.  
 
3) A 10mm wide layer of Cerasolzer alloy was ultrasonically soldered around the 
periphery on the tin-oxide coated sides of both sheets in the arrangement shown in the 
Fig. 4.7. Subsequently, a square cover slip of 1mm thick cutting to a size of 18x18mm 
was prepared for the pump-out hole sealing by soldering with Cerasolzer alloy. A 
method using a glass disc diameter of 18mm was reported in (Griffiths et al, 1998), 
(Zhao et al, 2007) and (Eames, 2008) .   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: The 10 mm wide primary seal soldered on the bottom glass sheet 4mm from 
the glass edge. 
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4) Stainless steel support pillars were located on the lower glass sheet using a vacuum 
wand as illustrated in Fig. 4.8. The pre soldered upper glass sheet was located on top of 
the support pillars. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Support pillars placing on the lower glass sheet using a vacuum wand.  
 
5) A Cerasolzer alloy wire gasket was placed on the soldered area as illustrated in the 
Fig. 4.9. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: A square cross section wire (1.6mm in diameter) placed on the soldered 
Cerasolzer to form a gasket. 
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6) The prepared sample, shown in Fig. 4.10, was heated to 186˚C in the oven to join 
two sheets of glass together for up to 2 hours. 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: The prepared sample before heating in the oven to 186˚C showing the 
upper glass sheet (292x292mm) placed on the lower glass sheet (300x300mm) 
separated by the edge seal and an array of support pillars. 
 
7) A secondary seal, J-B Weld epoxy steel resin, was applied around the edges of the 
primary seal to form the composite seal shown in the Fig. 4.11. 
 
 
 
 
 
 
 
 
 
 
Figure 4.11: The composite and Cerasolzer alloy seal around the periphery of the 
sample. 
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8) The sample was then placed on an hot plate and heated up to 50˚C. Evacuation of the 
gap/cavity in the sample was performed using the vacuum cup connected to the vacuum 
pump-out system. 
 
9) During evacuation, after not less than 6 hours, the pump-out hole was sealed by 
heating the Cerasolzer alloy coated glass square using the cartridge heater in the 
vacuum cup as illustrated in the Fig. 4.12.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: Experimental apparatus used for the evacuation of a double vacuum 
glazing using a vacuum cup connected to a vacuum system and the pump-out hole 
sealed with a glass square. 
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4.6. Fabrication Process for Triple Vacuum Glazing 
 
A design, shown in Fig. 4.13, to join three sheets of glass hermetically was considered 
for the fabrication of a triple vacuum glazing sealed with a primary edge seal i.e. a 10 
mm wide layer of Cerasolzer alloy and a secondary edge seal i.e. a 4mm wide layer of 
J-B Weld epoxy steel resin. The design discussed in the section 4.5 was not employed 
as it consumes more Cerasolzer alloy wire, which ends up as an excess of material. This 
method has potential to reduce the heat conduction through edge sealing area because 
both seals start from their edges and the difference in the width of 4mm between two 
seals was considered advantageous. This is because of the 4mm wide vacuum gap 
between the first two glass sheets. But the total distance of the seal from the edge is 
18mm. 
 
 
 
 
 
 
 
 
Figure 4.13: Three stage composite edge sealing design process for the fabrication of a 
Triple vacuum glazing.  
 
Three 4mm thick K-glass sheets of size 284x284mm (Upper glass), 292x292mm 
(middle glass) and 300x300mm (bottom glass) were used in the fabrication of a triple 
vacuum glazing. The reason of choosing different sizes of the glass sheets was to enable 
application of the secondary edge seal (J-B Weld epoxy steel resin) uniformly around 
the periphery of the triple vacuum glazing to support the Cerasolzer alloy based primary 
edge seal in a similar way to the double vacuum glazing seal. The fabrication process 
developed as follows:  
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1) 4mm thick K-glass sheets of size 284x284mm, 292x292mm and 300x300mm were 
prepared. A small hole (4mm in diameter) was drilled for the evacuation of the two 
cavities between the three glass sheets, located at 75mm from two edges of the smaller 
and middle glass sheets. 
  
2) The sheets of glass were cleaned with water, acetone and isopropanol and followed 
by an initial bake-out at 120ºC in an oven.  
 
3) A 10mm wide layer of Cerasolzer alloy was ultrasonically soldered around the 
periphery of the upper and lower glass sheets on the tin-oxide coated side. In addition, a 
similar 10mm layer was soldered on both surfaces of the middle glass sheet and formed 
in to the arrangement shown in the Fig. 4.14. The uniformity of the soldered edge seal 
was considered very important. This was because in the previous design for a double 
vacuum glazing shown in the Fig. 4.6 the use of a gasket was used to compensate for 
the non-uniformity in the soldering. The level of uniformity required in the primary seal 
is illustrated in the Fig. 4.14. A glass square for sealing the pump-out hole was prepared 
from a slide cover slip by cutting it to dimensions of 18x18mm and ultrasonically 
soldering its surface with Cerasolzer alloy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14: Illustration of the uniformity required in the ultrasonically soldered 
primary edge seal for the fabrication of a triple vacuum glazing. 
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4) Stainless steel support pillars at a spacing of 24 mm were placed in a regular square 
array on the middle and lower glass sheets. The middle glass sheet was placed on the 
lower glass sheet pillars and the upper glass sheet was placed on top of the support 
pillars on the middle glass sheet. 
 
5) The sample was heated to 186˚C for up to 2 hours in the oven to join the three sheets 
of glass together. 
 
6) The assembly was allowed to cool to ambient temperature around 21˚C. 
 
7) The secondary seal was formed using the epoxy J-B Weld, as shown in the Fig. 4.11. 
 
8) The sample was placed on the hot plate and heated to 50˚C at which point the cavity 
of the sample was evacuated using the vacuum cup. 
 
9) During evacuation, after 6 hours (the time required to achieve a maximum possible 
level of vacuum pressure as discussed in section 3.4), the pump-out hole was sealed by 
heating the glass square using the cartridge heater allocated inside the vacuum cup in a 
similar arrangement to that shown in Fig. 4.12.  
 
4.7. Experimental Results for Double and Triple Vacuum Glazing 
 
A double vacuum glazing sample of dimensions 300x300mm as shown in the Fig. 4.15 
was fabricated, after a series of six experiments in which the required process was 
refined. A triple vacuum glazing of dimensions 300x300mm as shown in the Fig.4.16 
was fabricated after four experiments in which the process was refined. A viable 
fabrication process was achieved from these experiments and successful samples 
subsequently produced. The pump-out holes of the double and triple vacuum glazing 
were sealed with Cerasolzer CS186 alloy during evacuation, an example is shown in  
Fig 4.15. Prior to these successful fabrications, more than five samples of different sizes 
were re-evacuated with repeated pump-out hole sealing to assess the sealing properties 
and the pump-out sealing characteristics. It was found that similar behaviour was 
repeated for the multiple evacuation cycles with stress patterns due to internal 
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compressive stress and external tensile stress across the support pillars were visible. 
This indicates that an air-tight seal was achieved. Based on the experiments performed 
it is recommended that the following two steps are incorporated in to the process:  
 
1) During evacuation the sample should be heated to not more than 80˚C on the hot 
plate because the glass bends due to thermal stresses and higher temperatures could 
fracture the glass, weaken or destroy the primary edge seal.  
 
2) The uniformity of the soldering of Cerasolzer alloy around the periphery of glass 
surfaces is very important and can form an effective seal without a gasket. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(i)        (ii) 
Figure 4.15: (i) Fabricated double vacuum glazing of dimensions 300x300mm with 
composite edge seal and (ii) a 4mm diameter pump-out hole sealed with Cerasolzer-
CS186 alloy protected with Araldite adhesive. 
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Figure 4.16: A fabricated triple vacuum glazing of dimensions 300x300mm with 
composite edge seal. 
 
For these experiments a dry type turbo-molecular pump with backing (diaphragm) 
pump was used that has an absolute achievable vacuum pressure of 4.35x10-5Pa, as 
detailed in Chapter 3. A pressure gauge measures the vacuum pressure near the vacuum 
cup in order to determine the approximate cavity pressure. This pressure gauge is 
connected to a PDR 900 transducer to provide digital output of pressure in Pa. The 
achieved vacuum pressures in the double and triple vacuum glazing units were 4.6x10-
2Pa and 4.8x10-2Pa respectively. Similar temperature/pressure profiles for the 
evacuation and heating process were recorded for both the double and triple vacuum 
glazing and an example shown in the Fig. 4.17. It was observed that the vacuum 
pressure decreases whilst increasing the sample surface temperature using the hot plate. 
However, a high level of internal compressive stresses and external tensile stresses were 
observed above 50˚C that could cause fracture of the glass, glass bending and 
expansion was observed to increase with the increase of hot plate temperature. A limit 
on to the hot plate surface temperature was set to 50˚C during evacuation and pump-out 
sealing to minimise this effect. Detailed studies of stresses in vacuum glazing are 
reported elsewhere (Wang et al, 2007) and (Fischer-Cripps et al, 1995).  
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Figure 4.17: Typical temperature/pressure profiles for evacuation and heating of the 
double and triple vacuum glazing samples. 
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4.8. Measurement of the Thermal Conductivity of the Materials used in the  
Composite Edge Seal using the Transient Plane Source Method 
 
Thermal conductivity is one of the fundamental material properties required for the 
development of a model to predict the thermal performance of a vacuum glazing system. 
No such data is supplied in the manufacturers and suppliers’ datasheets for the edge seal 
materials used i.e. Cerasolzer C186 alloy and J-B Weld epoxy steel resin. Some 
properties of Cerasolzer alloy, such as the coefficient of thermal expansion and melting 
temperature are provided and for J-B Weld epoxy steel resin, properties such as 
mechanical strength and minimum/maximum working temperatures, are available 
(MBR Electronics, 2013),(Senju Metal Industry, 2013) and (J-B Weld, 2013).  
 
4.8.1. Transient Plane Source (TPS) method 
 
A number of different instruments are available for measurement of the thermal 
properties of materials. There are two main methods, steady state method and transient. 
The steady state approach is further divided into one dimensional heat flow and radial 
heat flow techniques. One dimensional heat flow technique include the guarded hot 
plate method which is the ASTM standard based measurement system used for highly 
insulating materials. The radial heat flow technique includes cylindrical, spherical and 
ellipsoidal methods. There are a number of transient methods, which are used for the 
measurement of thermal conductivity such as hot wire, transient hot strip and transient 
plane source methods.    
 
The experimental measurements of thermal conductivity performed in this study were 
undertaken using a Hot Disk thermal constants analyser TPS 2500s. This system is 
based on the transient plane source (TPS) method. The TPS method consists of a sensor 
element in the shape of a double spiral which acts both as a heat source to increase the 
temperature of the sample and a resistance thermometer to record the time dependent 
temperature increase (Gustavsson, 1991). In the current experiments, a sensor of design 
7577 was used which is made of a 10µm thick Nickel-metal double spiral. The radius of 
the sensor was chosen to be 2.001mm in order to reduce the size of the sample. It is 
advised in the instruction manual (Hot Disk, 2013) that the diameter of the sample 
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should not be less than twice that of the sensor diameter and the thickness of the sample 
should not be less than the radius of the sensor. The sensor element is usually insulated 
with a material to provide electrical insulation. The material used is dependent on the 
operating temperatures. A thin polyamide (Kapton) insulating material was chosen for 
the sensor insulation which is suitable from cryogenic temperatures to about 500K (Hot 
Disk, 2013),  
 
A sensor is placed between two flat cylindrical samples, as shown in Fig. 4.18. Passage 
of a constant electric power through the spiral produces heat, increases the temperature 
and therefore the resistance of the spiral sensor as a function of time which can be 
expressed according to Gustavsson et al (1994) as, 
 
𝑅(𝑡) = 𝑅𝑜{1 + 𝜑[∆𝑇𝑖 + ∆𝑇𝑎𝑣𝑒(𝜏)]}             (4.1) 
 
Where 𝑅𝑜 is the resistance in ohms before the sensor is heated or at time t=0 seconds, 𝜑 
is the temperature coefficient of the resistivity (TCR) of the sensor 7577 i.e.     
46.93x10-4K-1, ∆𝑇𝑖 is the initial temperature difference that develops momentarily over 
the thin insulating layers which cover the two sides of the sensor. The thermal 
conductivity of the sample can be expressed according to Bohac et al (2000) as,  
 
𝑘 = 𝑃𝑜
𝜋
3
2. 𝑎.∆𝑇𝑎𝑣𝑒(𝜏) .𝐷(𝜏)                                                                                                      (4.2) 
 
Where 𝑘 is the thermal conductivity of the sample in Wm-2K-1, 𝑃𝑜 is the total output 
power from the sensor in Watts, 𝑎 is the overall radius of the sensor in m and  𝐷(𝜏) is a 
dimensionless time dependent function with, 
 
𝜏 = � 𝑡
𝑡𝑐
                                                                                                                                       (4.3) 
 
In equation 4.3, t is the time measured from the start of the transient recording and 𝑡𝑐 is 
the characteristic time defined as, 
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𝑡𝑐 = 𝑎2𝛼                                                                                                                                         (4.4) 
 
Where 𝛼 is the thermal diffusivity of the sample in mm2s-1. From the experimentally 
recorded temperature increase over 𝐷(𝜏) a straight line can be plotted which intercepts 
∆𝑇𝑖, and slope of 𝑃𝑜
𝜋
3
2.𝑎.∆𝑇𝑎𝑣𝑒(𝜏)  which allows the thermal conductivity to be determined. 
The final straight line from which the thermal conductivity measured is obtained 
through a process of iteration (Hot Disk, 2013). During a pre-set time, 200 resistance 
recordings are taken and from these a relation between temperature and time is 
established. 
 
 
 
 
 
 
 
Figure 4.18: A schematic diagram of the pair of samples and the Hot Disk sensor 
placed in between two flat cylindrical samples. 
 
4.8.2. Sample Preparation 
 
A pair of indium and Cerasolzer CS186 samples, each with a diameter of 17 mm and 
thickness of 3.2 mm surrounded by a hardened steel washer (to achieve uniformity of 
sample dimensions), were prepared, as shown in the Fig. 4.19. A pair of a J-B Weld 
epoxy steel resin samples with a diameter of 17mm and thickness of 4mm surrounded 
by a washer placed on a stainless steel plate covered with a thin layer of lithium grease, 
to enable separation of the samples, were also prepared as shown in the Fig. 4.20. All of 
the samples were cleaned with water and isopropanol. By using flat steel plates it was 
ensured that one of the surfaces of each sample was flat, this was required to avoid 
errors in sensor readings. The prepared sample was more than twice that of the sensor 
diameter (4.002mm) and the sample thickness was more than the radius of the sensor 
(2.001mm) which are the requirements advised in the instruction manual to enable 
Pair of samples 
Hot Disk Sensor 
Not to scale 
CHAPTER 4 
  72 
precise measurements. Two test samples of cylindrical shape 30mm in thickness and 
50mm in diameter were provided with the Hot Disk system to calibrate and verify the 
Hot Disk analyser’s measurements. The reason an indium based sample was made to 
validate the sample preparation and measuring technique using a material with well-
known properties prior to determine the thermal properties of Cerasolzer alloy and 
epoxy J-B Weld.     
 
  
 
 
 
 
 
 
 
Figure 4.19: A pair of indium and Cerasolzer CS186 samples with a diameter of 17 mm 
and a thickness of 3.2 mm surrounded by a washer produced to measure thermal 
conductivities using a Hot Disk thermal constants analyser.  
 
 
 
 
 
 
 
 
 
 
Figure 4.20: A pair of a steel reinforced epoxy J-B Weld samples with a diameter 17mm 
and thickness of 4mm surrounded by a washer produced to measure thermal 
conductivity using a Hot Disk thermal constants analyser.  
 
Stainless Steel Plate 
Hot Plate (up to 200˚C) 
Cerasolzer CS186 
alloy 
Indium 
Washer 
Epoxy J-B Weld 
Stainless Steel Plate 
Layer of lithium grease 
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4.8.3. Measurement Procedure 
 
The Hot Disk thermal constants analyser TPS 2500s connected to a laptop with TPS 
7.0.17 version software installed must be switched on at least 60 minutes prior to 
performing an experiment to achieve thermal equilibrium within the system. The 
arrangement of the experimental facility is shown in the Fig. 4.21.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21: Experimental setup for the measurement of thermal conductivity showing 
the Hot Disk thermal constants analyser connected to the laptop with TPS 7.0.17 
software installed. 
 
The solution of the thermal conductivity, Equ. 4.2, is based on the assumption that the 
Hot Disk sensor is located in an infinite medium and any influence from the outside 
boundaries of the two sample pieces sandwiching the sensor may interrupt the transient 
recordings. Thus a sample holder with cover, as shown in the Fig. 4.22, is used to 
minimise temperature drift before, and during, experiments. For the purpose of 
calibration and verification of the functioning of the analyser, a Kapton sensor type 
7577 was placed between two mild steel calibration samples with to double spiral 
positioned centrally and totally covered. The two indium samples produced were 
characterised to confirm the sample production process. Since, the thermal conductivity 
of indium is well known (Indium, 2013). Subsequently seven experiments using 
Cerasolzer alloy samples and four experiments using J-B weld epoxy steel resin 
samples were undertaken to measure the thermal conductivity of these materials.  
Thermal Constants 
Analyser 2500s Sensor holder with cover 
TPS 7.0.17 Software 
installed in the Laptop 
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(i)                                                                (ii) 
Figure 4.22: Isometric view of the (i) Hot Disk  Sample Holder with a Sensor positioned 
in between two flat cylindrical mild steel samples and (ii) a side view of the Hot Disk 
sample holder with cover. 
 
4.8.4. Experimental Results   
 
The thermal conductivity of a mild steel type SIS2343 sample was measured to be 13.76 
Wm-1K-1. This value compared well with the standard measurement value given in the 
instruction manual i.e.13.62 Wm-1K-1. The thermal conductivity of the indium sample 
was measured to be 77.84 Wm-1K-1 with a repeatability of four times. The thermal 
conductivity measurement for Cerasolzer alloy and J-B Weld epoxy steel resin are 
presented in the Table. 4.1.  
 
Table 4.1: Measured thermal conductivities of Cerasolzer alloy CS186 and J-B Weld 
epoxy steel resin and measurements of mild steel and indium. 
 
 
 
 
 
 
 
Sample Thermal Conductivity at 21˚C 
in Wm-1K-1 
(Deviation) 
Measuring Time in seconds Power output from 
sensor 
in watts 
Mild Steel 13.76 
(1%) 
20 1 
Indium 77.84 
(7% from the datasheet value) 
20 1 
Cerasolzer 
CS186 
46.49 20 1 
J-B Weld 7.47 20 1 
Sensor type 
 
Sample 
Mild Steel 
 
Cover 
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The temperature increase measured by the TPS sensor type 7577 of the mild steel, 
indium, J-B Weld epoxy steel resin and Cerasolzer CS186 samples are shown in        
Fig. 4.23. It can be seen that the increase in temperature in the epoxy J-B Weld is 
greater than the mild steel this is due to the fact that heat flow in semi-polymeric 
materials is low compared to metallic materials. The temperature increase in the sample 
made from Cerasolzer alloy was higher than the indium sample. 
 
Figure 4.23: The recorded temperature increase using the TPS sensor type 7577 for the 
samples made from mild steel, indium, J-B Weld epoxy steel resin and Cerasolzer 
CS186. 
 
 
 
 
 
 
 
 
 
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
2.25
2.5
2.75
3
3.25
3.5
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Te
m
pe
ra
tu
re
 In
cr
ea
se
 (˚
C
) 
Time (seconds) 
J-B Weld
Mild Steel
Cerasolzer
Indium
CHAPTER 4 
  76 
4.9. Thermal Resistance of a High Vacuum Pressure Residual Gas Space 
 
The distance between the boundaries in which the gas is transporting heat, i.e. 0.15mm, 
is much lower than the mean free path, i.e. 1142m as discussed in section 3.4. For this 
case, Collins et al (1992) have developed Equ. 4.5 for the thermal conduction through 
the low pressure residual air in the internal space which is valid when the vacuum 
pressure is less than or equal to 0.1 Pa. 
 
𝐶𝑔𝑎𝑠 ≈ 0.4𝑃                      (4.5)   
 
The experimental testing results have shown the achievable vacuum pressure in the 
vacuum system to be 4.35x10-5 Pa. Based on this the gaseous conduction in the 
space(𝐶𝑔𝑎𝑠) is, from Equ. 4.5 calculated to be 1.74x10-5 Wm-2K-1, a negligible value.  
 
The heat transfer mainly occurs through radiation in the vacuum space and depends 
strongly on the surfaces and their emissivities (low e coated or uncoated) and the mean 
surface temperature (Tm). In general the emissivity of a surface depends on the angle of 
the radiation to the plane of the surface. The normal emissivity is the value of emissivity 
for radiation normal to the surface that is right angles to the plane surface. 
Hemispherical emissivity is the integration of the radiation over all angles that the 
surface is radiating 2π steradians, radiative heat flow equations are detailed in Incropera 
and Dewitt (1996). For the uncoated glass surfaces the hemispherical emissivity is less 
than the normal emissivity, For the coated glass surfaces the hemispherical value is 
greater than the normal value, different surface emissivities are detailed in BS 6993 
(1989). In Equ. 4.5 an effective emissivity of the surface was used due to the 
directionality of multiple reflections between two surfaces are taken into account, this 
can be determined if the emission properties of both surfaces with which surface is 
exchanging radiation are known . 
 
The net radiation interchange between two surfaces is independent of the separation of 
the surfaces (Collins et al, 1992). To obtain a conductance due to radiative heat transfer, 
the equation was linearised by a Taylor series expansion (Collins et al, 1992) to give the 
following approximation for the radiative conductance.  
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𝐶𝑟𝑎𝑑 = 4𝜎𝑇𝑚31
𝜀𝑎
+
1
𝜀𝑏
−1
          (4.6) 
 
Where 𝜀𝑎and 𝜀𝑏are the effective emittance of the glass surfaces a and b facing each 
other across the vacuum space.  
 
 
 
 
 
 
 
                   (i)         (ii)             (iii) 
 
Figure 4.24: The inner surface of two glass sheets bounding an enclosed vacuum space, 
(i) two surfaces are uncoated (ε of 0.845 each(BS 6993, 1989)), (ii) one surface has a 
tin-oxide coating (ε of 0.15) and the other surface is uncoated (ε of 0.845), (iii) both 
surfaces are coated with tin-oxide coating (ε of 0.15 each).  
 
In order to calculate the effective conductance due to radiative heat transfer, between 
the inner surfaces of two glass sheets bounding the vacuum space, three different cases 
were chosen as shown in Fig. 4.24. Fig. 4.24(i) shows two glass sheets with uncoated 
surfaces with an emissivity value of 0.845 (soda lime glass) and mean surface 
temperature Tm of 283K (10˚C) based on BS 6993 (1989).  From the Equ. 4.6, the value 
of Crad for this case is calculated to be 3.76 Wm-2K-1. Fig. 4.24 (ii) shows two glass 
sheets in which one surface is tin-oxide coated, emissivity of 0.15, and the other is 
uncoated. The value of Crad in this case is calculated to be 0.75 Wm-2K-1. Fig. 4.24 (iii) 
shows two glass sheets in which both surfaces are tin-oxide coated. The value of Crad in 
this case is calculated to be 0.42 Wm-2K-1. 
 
 
 
Glass sheet 
Vacuum 
Space 
Vacuum 
Space 
Vacuum 
Space 
Low emissivity 
coating  
 
R1 R2 R3 
Glass sheet Glass sheet 
Glass sheet Glass sheet Glass sheet 
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The thermal resistance of the vacuum space is the reciprocal of the thermal conductance. 
The approximate thermal resistance of a vacuum space is the sum of the resistance 
through effective residual air in a high vacuum system and resistance due to long wave 
radiation and determined by, 
 
𝑅 = 1
𝐶𝑔𝑎𝑠+𝐶𝑟𝑎𝑑
                       (4.7) 
 
From Equ. 4.7 the thermal resistance of the vacuum space; case (i) two inner surfaces 
are uncoated is calculated to be 0.27 m2KW-1, case (ii), one inner surface is tin-oxide 
coated and the other is uncoated is calculated to be 1.33 m2KW-1, case (iii), both inner 
surfaces are tin-oxide coated is calculated to be 2.38 m2KW-1. 
 
The prediction of the thermal transmittance when incorporating support pillars in triple 
vacuum glazing is detailed in the section 4.10.  
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4.10. Thermal Performance Predictions of Triple Vacuum Glazing 
 
4.10.1. Finite Element Modelling Approach 
 
To simulate the heat transfer process and to predict the thermal performance of the 
fabricated triple vacuum glazing a three dimensional finite element model was 
formulated using the commercial software package MSC.Marc. Due to symmetry 
conditions, and to reduce the computational effort required, only one quarter 
(150x150mm) of the triple vacuum glazing dimensions of 300x300mm was simulated. 
The formulated model was designed to represent the fabricated triple vacuum glazing. 
The model was implemented using eight node isoparametric elements (type 43 in MSC 
Marc) using a total of 170455 elements and 201660 nodes to model one quarter of the 
triple vacuum glazing as shown in Fig. 4.25. The vacuum cavity was modelled as a 
material with thermal conductivity considered near to zero, i.e. 6x10-6 Wm-1K-1. Heat 
transfer by long wave radiation between the three internal glass surfaces coated with 
low emissivity tin-oxide coatings was incorporated by employing a 6μm layer on the 
inner surface of the glass sheet. A number of view factor computational methods are 
available in Marc such as Direct Adaptive Integration, Monte Carlo or Modified Hemi-
Cube. The Direct Adaptive Integration method was employed in which the cavity nodes 
were specified as radiating cavity. This approach computes view factors by directly 
computing fourth order integral between every pair of surfaces. The view factor integral 
equations are described in (Incropera and Dewitt, 1996). In the three-dimensional finite 
element model, the support pillars were incorporated and modelled directly, similar to 
the modelling approach used by Fang et al 2006 and Zhao et al 2007. The cylindrical 
pillars of radius r employed in the fabricated triple vacuum glazing were represented by 
the same number of pillars with the same areas, a square cross-section in the model with 
side length 1.78r, both pillar shapes will conduct similar amounts of heat under the 
same boundary conditions (Holman, 1989)(Wang et al, 2007). A graded mesh was used 
with a high density of nodes in each pillar, 75 elements in each pillar were deemed to 
achieve sufficient resolution of the heat transfer. A series of convergence tests were 
performed to ensure that the density of the elements used was sufficient to predict the 
thermal performance with an accuracy of more than 95%. The material properties and 
parameters of the simulated triple vacuum glazing are listed in Table 4.2. 
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Figure 4.25: Finite element mesh of a quarter (150x150mm) of the triple vacuum 
glazing.  
 
 
Table 4.2: Parameters and material properties of the components used in the finite 
element modelling of composite edge sealed triple vacuum glazing.  
Parameter Description Value/Type 
Triple Vacuum Glazing 
dimensions 
Top glass sheet 
Middle glass sheet 
Bottom glass sheet 
284x284x4mm 
292x292x4mm 
300x300x4mm 
Glass sheet Thermal conductivity 1 Wm-1K-1 (BS 6993, 1989) 
Emittance Three surfaces (Hard- coatings) 0.15/tin-oxide 
Primary edge seal Material 
Width 
Thermal conductivity 
Cerasolzer CS186 
10mm 
46.49Wm-1K-1* 
Secondary edge seal  Epoxy steel resin 
Width 
 
 
Thermal conductivity 
J-B Weld 
4mm (In the model 8.3mm2 
equivalent square  was 
incorporated) 
7.47Wm-1K-1* 
Support Pillar Material 
Diameter 
Height 
Pillar separation 
Thermal Conductivity 
Stainless steel 304 
0.3mm 
0.15mm 
24mm 
16.2Wm-1K-1 (Eagle steel, 2013) 
*Measured values are discussed in section 4.8. 
 
Symmetry boundary 
Not to scale 
Edge space exposed to 
outdoor (cold area) 
Composite 
Edge Seal 
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For the simulations the indoor warm–side (Ti) and outdoor cold-side (To) internal and 
external surface air temperatures were set to be at 21.1˚C and -17.8˚C respectively in 
line with ASTM specified test conditions for glazings in winter conditions (ASTM, 
1991). The internal and external surface heat transfer coefficients were set to 8.3      
Wm-2K-1 and 30 Wm-2K-1 respectively (Fang et al, 2009).   The glass surface to surface 
thermal transmittance of the total glazing and the centre-of-pane glazing are defined by: 
 Ucentre = 1Rsicentre + Acentre(Ticentre +  Tocentre)Qcentre + Rsocentre                                    (4.8) Utotal = 1Rsitotal + Atotal(Titotal +  Tototal)Qtotal + Rsototal                                                    (4.9) 
 
Where, Rsi and Rso are the indoor and outdoor glazing surface thermal resistances, in 
m2KW-1. Acentre (m2) is the total glazing area minus the edge of glass areas (Fang et al, 
2007).  
 
4.10.2. Predicted Thermal Performance 
 
Centre-of-pane and total thermal transmittance values for a triple vacuum glazing unit 
(with dimensions 300x300mm) were predicted to be 0.33Wm-2K-1 and 1.05 Wm-2K-1 
respectively. Manz et al (2006) predicted a centre-of-pane thermal transmittance value 
of less than 0.2 Wm-2K-1, for a triple vacuum glazing made with 6mm, 4mm and 6mm 
thick glass sheets and four low emittance coatings with an emittance of 0.03. 
Comparing this with the current simulated centre-of-pane thermal transmittance, the 
increase of 0.13 Wm-2K-1 was due to the use of tin-oxide coatings with an emittance of 
0.15 on three internal surfaces and the use of three 4mm thick glass sheets. The 
parameters used in there simulations were based on the fabricated sample design and 
were taken from the datasheets referenced in Table 4.2. Fang et al (2010a) predicted 
centre-of-pane and total thermal transmittance values were reported to be 0.26 Wm-2K-1 
and 0.65 Wm-2K-1, respectively. For a triple vacuum glazing of dimensions 500x500mm 
with a 6mm wide indium edge seal and four low emittance coatings with an emittance 
of 0.03 on 4mm thick glass sheets. Comparing to the current simulated results, the 
increases of 0.07 Wm-2K-1 and 0.4 Wm-2K-1 were caused by the 10mm wide primary 
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seal and 4mm wide secondary seal around the periphery of the edge area. Also, due to 
the use of tin-oxide coatings on three internal surfaces of the glass sheets and the 
smaller size of the fabricated sample i.e. 300x300mm.  
 
It was predicted by Fang et al (2010a) that the glazing size influences the total thermal 
transmittance, for example the value of total thermal transmittance of a triple vacuum 
glazing of area 500x500mm was predicted to be 38% greater than a 1000mmx1000mm 
glazed area. In these simulations the thermal transmittance of a triple vacuum glazing 
dimensions of 300x300mm was predicted to be 61.9% greater than the predictions of 
Fang et al (2010a) model of a 500x500mm area. It must be noted that coating emissivity 
boundary conditions (ASTM or EN-ISO) and the seal materials properties influence the 
predictions of the thermal transmittance. The current results are in good agreement with 
the previous reported results.    
 
The predicted isotherms of the modelled triple vacuum glazing for the cold surface, 
middle glass surfaces and warm surface of the triple vacuum glazing are presented in 
Figs. 4.26, 4.27, 4.28 and 4.29 respectively. The heat transfer mechanisms modelled 
include; the heat flux from the indoor (warm) side to the indoor glazing surface; 
radiation between two inner glass surfaces within the two vacuum gaps; conduction 
through the support pillars and the edge seal, and the heat flux from the outdoor (cold) 
surface of the glass to the outdoor side. The mean glass surface temperatures were 
predicted to be -12.55˚C and 6.71˚C for the cold and warm sides of the total glazing 
area. The mean surface temperatures for the centre of glazing area were predicted to be 
16.43˚C and -16.60˚C for the cold and warm sides, respectively. 
 
Fig. 4.26 presents the predicted isotherms of the warm (indoor side) glass surface 
showing the temperature variations from the edge area towards the central area  and the 
temperature variations around the support pillars in the central glazing area for the 
simulated triple vacuum glazing. It can be seen from Fig. 4.26 that the temperature 
difference between the heat conduction through the support pillars and radiative heat 
flow in the central vacuum area is 0.47˚C. 
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(A)           (B) 
Figure 4.26: Predicted isotherms on the warm (indoor side) glass surface showing (A)the temperature variations from the edge area towards the 
central area  and (B) the temperature variations around the centre-of-pane support pillar area  for the simulated triple vacuum glazing. 
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Fig. 4.27 shows the predicted isotherms for the middle glass surface facing the warm 
side showing the temperature variations from the edge area towards the central area of 
the simulated triple vacuum glazing. It can be seen from the Fig. 4.27 that the heat flow 
through the support pillars is greater than that through the vacuum area. The influence 
of the 10 mm wide layer of the primary and 4mm wide layer of the secondary edge seal, 
on the predicted temperatures can be seen in Fig. 4.27. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.27: Predicted isotherms for the middle glass surface facing the warm side for 
the simulated triple vacuum glazing. 
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Fig. 4.28 shows the predicted isotherms for the middle glass sheet surface facing the 
cold side. The radiation in temperature at the pillar location is due to heat flow through 
the support pillars being greater than in the vacuum area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.28: Predicted isotherms for the middle glass surface facing the cold side for 
the simulated triple vacuum glazing. 
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Fig. 4.29 shows the predicted isotherms for the cold (outdoor side) glass surface. The 
temperature variations due to the edge seal and the support pillar array can be clearly 
seen. From Fig. 4.29, the temperature difference due to heat conduction through the 
support pillars and radiative heat flow through the central vacuum area is predicted to 
be 0.4˚C. The predicted temperature variations on the cold side surface are smaller than 
on the warm side. Due to the use of 10mm and 4mm wide layers of primary and 
secondary seal, the edge effects can be seen to extend up to distances of 84mm and 
54mm from the edge on the warm and cold surfaces of the triple vacuum glazing. The 
edge effects can be reduced by reducing the width of the edge seal. The predictions 
made are for the fabricated design of triple vacuum glazing using the new composite 
edge sealing method and three tin-oxide coated K-glass sheets. 
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(A)           (B) 
Figure 4.29: Predicted isotherms on the cold (outdoor side) glass surface showing (A) the temperature variations from the edge area towards 
the central glazing area  and (B) the temperature variations around support pillars on the central glazing area  of the simulated triple vacuum 
glazing. 
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4.11. Cost Analysis for the Low Temperature based Edge Sealing Materials 
 
Cost is a significant challenge in determining if vacuum glazing will be mass 
manufactured in the UK. The cost analysis presented here is based on the cost at the 
laboratory level for the sealing materials only. The cost analysis does not include VAT, 
packaging and shipping. The cost of electricity consumed in the fabrication of double 
and triple vacuum glazing was also not included. The costs of the materials used are 
presented in the Table 4.3. 
 
The sealing materials cost was dependent on the supplying company’s location, quantity 
required and purity of products supplied. A further important factor to consider is the 
wide variation in market prices of semi-precious metals. The cost analysis considered 
the prices in the European Union and the lowest available price for indium sourced from 
China. These are as listed in Table 4.3. This analysis is based only on the laboratory 
based experiments and materials cost at the mass manufacturing level the cost of the 
materials will be reduced significantly and will depend on the metal stock exchange rate. 
It was not possible to get price quotes at larger quantity of materials for mass production. 
The indicative trade price of indium in the European Union is £0.41/gram (Metal-pages, 
2013)   
 
There are a number of companies who can supply Cerasolzer alloy type CS186 and 
include Senju Metal Industry Co., Ltd and Kuroda-techno Co., Ltd. from Japan and 
MBR Electronics from Switzerland. The MBR Electronics provided Cerasolzer CS186 
alloy at lower cost than the two Japanese companies. For comparative analysis the 
lowest found UK cost of indium-1 (Purity of 99.999%) available from Conro electronics 
in the UK was used and the lowest cost of indium-2(Purity of 99.99%) available from 
GzLitop in China was used. J-B Weld epoxy steel resin and Araldite adhesive are 
widely available in the UK. The details of the glass edge seal materials including the 
cost per grams are presented in the Table 4.3.   
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 Table 4.3: Details of the low temperature glass edge sealing materials cost and 
quantities supplying companies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The quantity of materials used for the edge seals in 3 double vacuum and 3 triple 
vacuum glazings are presented in table 4.4. In this study the quantity of edge seal 
materials consumed in the experimental fabrication of the double and triple vacuum 
glazing were analysed to determine the cost. 
Glass edge 
sealing 
material 
Description 
(Diameter/grain 
size) 
Product code, 
Purchasing Company, 
year 
Cost in GBP 
 per grams  
Indium-1 1.5mm 99.999% Indium, 
Conro Electronics, UK, 
2013 
£7.61 at the order 
quantity of 2000 
grams 
Indium-2 1.0mm 99.99% Indium,  Gz 
litop ltd China, 2011 
£0.996 at the 
order quantity of 
250 grams 
Cerasolzer 
CS-186 
1.6mm CS-186-150, MBR 
Electronics 
Switzerland, 2013 
£0.892 at the 
order quantity of 
150 grams 
J-B Weld 
epoxy steel 
resin 
hardener and steel 
paste 
J-B Weld £0.061 at the 
order quantity of 
75 grams, one 
pack. 
Araldite 
adhesive 
Standard 2 part 
epoxy  
Araldite® £0.11 at the order 
quantity of 54 
grams, one pack 
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Table 4.4: The calculated costs of the glass edge sealing materials used for the fabrication of low temperature double and triple vacuum glazing. 
Sample Glazing  
dimensi
ons  
 
(mm) 
Edge 
seal 
width  
(mm) 
Material quantity used 
(grams) 
Total cost of 
materials in 
GBP 
Calculated cost in GBP per m2 
 Cerasolzer 
alloy wire 
CS186 
(10mm 
layer) 
Indium-1 
metal wire 
(8mm 
layer) 
Indium-2 
metal wire 
(8mm 
layer) 
Epoxy 
J-B 
Weld 
 
Pump-out hole Seal*   
Cerasolzer 
alloy wire 
CS186 
Epoxy  
J-B Weld/ 
Araldite 
Indium-1 
metal 
wire 
Indium-2 
metal 
wire 
Double 
Vacuum 
Glazing 
(X1) 
300x30
0 
14mm 9.53 - - 14 0.65 0.42 
Araldite 
- - 9.98 31.81 
Cost based on the prices of 
materials in the European Union 
Double 
Vacuum 
Glazing 
(X2) 
300x30
0 
8mm - 8.1 -  - - 0.5 - 65.44 209.28 
Cost based on the prices of 
materials in the European Union 
Double 
Vacuum 
Glazing 
(X3) 
300x30
0 
8mm - - 8.1  - - - 0.5 8.57 27.39 
Cost based on the prices of 
materials in China 
Triple 
Vacuum 
Glazing 
(Y1) 
300x30
0 
14mm 17.31 - - 26 0.65 0.42 
J-B Weld 
- - 17.63 57.36 
Cost based on the prices of 
materials in the European Union 
Triple 
Vacuum 
Glazing 
(Y2) 
300x30
0 
8mm - 16.8 -  - - 0.7 - 133.18 431.49 
Cost based on the prices of 
materials in the European Union 
Triple 
Vacuum 
Glazing 
(Y3) 
300x30
0 
8mm - - 16.8  - - - 0.7 17.43 56.47 
Cost based on the prices of 
materials in China 
*The amount of material required for the pump-out hole sealing is the same for all sizes of the glazing unless specified.  
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The indium-1 based double and triple vacuum glazings were based on the assumption 
that the quantity required for sealing would be similar to the indium-2 based seals. The 
reasons for considering Indium-1 seals was to determine the cost required to fabricate 
double and triple vacuum glazing if the edge seal materials purchased from the 
European Union countries for the laboratory based. The pump-out hole was sealed using 
either an indium or Cerasolzer CS186 alloy. This can be protected by either of J-B Weld 
epoxy steel resin or Araldite adhesive; the details of the materials used for the pump-out 
hole sealing are presented in Table 4.4. 
 
The costs for the edge sealing materials required for the fabrication of the double and 
triple vacuum glazing are presented in Table. 4.4. From Table 4.4 the cost of the 
composite edge sealed double vacuum glazing (X1) for dimensions of 300x300mm was 
calculated to at £9.98 and for the area of 1m2 at £31.81. The cost of an Indium-1 based 
double vacuum glazing (X2) for dimensions of 300x300mm was calculated at £65.44 
and for an area of 1m2 at £209.28. The cost of an Indium-2 based double vacuum 
glazing (X3) for dimensions of 300x300mm was calculated to be £8.57 and for an area 
of 1m2 at £27.39. Based on the cost of edge sealing materials in European Union 
countries, i.e. Indium-1 and Cerasolzer alloy, for a glazing of 300x300mm, a reduction 
of 84.74% in the cost is possible when using Cerasolzer compared to Indium (X1). 
Comparing the cost of Indium-2 and Cerasolzer alloy based edge sealing materials, an 
increase of 14.13% in cost occurs when using Cerasolzer for the edge seal of double 
vacuum glazing (X1).    
 
It can be seen from Table 4.4 that the materials cost of the composite edge sealed triple 
vacuum glazing (Y1) for dimensions of 300x300mm was calculated to at £17.63 and for 
the area of 1m2 at £57.36. The cost of an Indium-1 based triple vacuum glazing (Y2) for 
dimensions of 300x300mm was calculated to at £133.18 and for the area of 1m2 at 
£431.49. The cost of an Indium-2 based triple vacuum glazing (Y3) for dimensions of 
300x300mm was measured to at £17.43 and for the area of 1m2 at £56.47. Based on the 
cost of edge sealing materials in European Union countries, i.e. Indium-1 and 
Cerasolzer alloy for a glazing of 300x300mm, a reduction of 86.76% in the cost is 
possible when using Cerasolzer compared to Indium-1 (Y2). Comparing the cost of 
Indium-1 and Cerasolzer alloy edge sealing materials, an increase of 1.13% in cost 
occurs when using Cerasolzer for the edge seal of triple vacuum glazing (Y1).  
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4.12. Summary  
 
• This research presents a new method of fabricating a double and triple vacuum 
glazing based on a low temperature (less than 200ºC) composite edge sealing process. 
The composite edge seal consists of Cerasolzer CS186 as a primary and J-B Weld 
epoxy steel resin as a secondary seal and has been shown to maintain the vacuum 
pressure in the two gaps between the three glass sheets below 0.01 Pa.  
 
• Details of the bonding mechanism of Cerasolzer CS186 alloy and J-B Weld epoxy 
steel resin materials with glass were presented. Samples were experimentally assessed 
using scanning electron microscopy. Experiments show that J-B Weld epoxy steel 
resin provides mechanical rigidity which helps maintain the primary seal. 
 
• Two possible composite edge seal design techniques were investigated, the one that 
required less edge seal material was considered to be more cost effective and also 
reduce to this case the risk of glass fracture. This is thus the recommended sealing 
technique. 
 
• The thermal conductivity of Cerasolzer CS186 alloy and J-B Weld epoxy steel resin 
were measured using an hot disk thermal constants analyser to be 46.49 Wm-1K-1 and 
7.47 Wm-1K-1, respectively. These values were used in the finite element model of 
the system. 
  
• A fabrication process for a triple vacuum glazing of dimensions 300x300mm was 
discussed. Typical temperature/pressure graphs recorded during evacuation and 
heating of the sample were presented. A vacuum pressure of 4.8x10-2Pa was achieved. 
It is possible that with improvements in the fabrication process a vacuum pressure of 
1x10-3 Pa could be achieved. 
 
• A three dimensional finite element model was developed to simulate the heat transfer 
process and to predict the thermal performance of the fabricated triple vacuum 
glazing using the commercial software package MSC.Marc. Centre-of-pane and total 
thermal transmittance values were used in the model of a triple vacuum glazing 
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dimensions of 300x300mm were predicted to be 0.33Wm-2K-1 and 1.05 Wm-2K-1 
based on three tin-oxide coated K-glass sheets with the composite edge seal. The 
thermal transmittance values can be reduced by using soft low emittance coatings 
and by reducing the composite edge seal width to less than 9mm. 
 
• Predicted isotherms of the modelled triple vacuum glazing shows the mean glass 
surface temperatures to be -12.55˚C and 6.71˚C on the cold and warm sides of the 
total glazing area. The predicted mean surface temperatures for the centre glazing 
area were 16.43˚C and -16.60˚C at the cold and warm sides. The temperature 
difference above support pillars in central glass area is 0.47˚C and 0.4˚C compared to 
the surrounding surface temperatures on the warm and cold side surfaces of the triple 
vacuum glazing. 
 
• The costs of sealing materials consumed for the fabrication of low temperature 
double and triple vacuum glazing were calculated based on the laboratory material 
costs. The cost of the composite edge sealed double vacuum glazing (X1) for 
dimensions of 300x300mm was calculated to be £9.98 and for an area of 1m2 £31.81. 
The cost of the composite edge sealed triple vacuum glazing (Y1) for dimensions of 
300x300mm was calculated to be £17.63 and for an area of 1m2 £57.36. Implications 
of these sealing materials cost analysis were to provide profound understanding of 
the indium edge sealed and composite edge sealed vacuum glazing units if 
considered for the mass manufacturing level. In addition, provided an understanding 
of the consumption of glass edge sealing materials and how the quantity can be 
reduced by reducing the width of the edge seal that could not only improve the 
thermal performance but also save the cost of materials.  
 
The gaps identified in the high temperature edge sealed vacuum glazing are the use of 
lead-based solder glass and its cost. This has been investigated by developing methods 
and novel edge seal (which is lead-free, ultrasonic-soldering-free and cost-effective) and 
fabricating vacuum glazing units with the thermal performance predictions detailed in 
the following Chapter 5. 
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Chapter 5 
 
 
HIGH TEMPERATURE GLASS-EDGE SEAL DESIGN AND METHODS FOR THE 
FABRICATION OF VACUUM GLAZING 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: The Author of this thesis has requested to keep the contents of this chapter confidential for the 
purpose of patenting this idea. 
This chapter presents the methods and ideas developed for cost-effective, lead-free and 
ultrasonic-soldering free edge seal (named fusion seal) for the fabrication of vacuum glazing. 
The designs, methods and fabrication processes for a novel high temperature seal using 
surface texturing are discussed. The thermal performance predictions are presented. The 
costs of the sealing materials at the laboratory scale are analysed.   
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5.1. Introduction 
 
To achieve hermeticity and bond tightness in glass-to-metal seals is considered difficult, 
mainly, due to the mismatch in thermal expansion of the materials. In an ideal case 
scenario the edge seal must; provide a mechanically strong bond, be free from gas 
molecules, match the thermal expansion characteristics of the sealing material (metal or 
solder glass) to the glass.   
 
5.1.1. Thermal Expansion of Sealing Materials and Glass 
 
Glass-metal seals often have mismatch in their thermal expansion coefficients. This 
causes stresses and strains with uneven temperature distributions or contact with other 
metallic materials and composites (Weston, 1985). To better match the thermal 
coefficients to the glass and the metal seal, an extra layer of different metal or layer of 
oxide could possibly produce the desired sealing composition (Katz and Steller, 1956). 
The whole expansion characteristics of the sealing material (metal or solder glass) and 
the glass should also be considered (Bruckner, 1957). For example a certain amount of 
mismatch from 1 to 2x10-7/˚C or even up to 6x10-7/˚C (set point temperature range of 
300˚C to 600˚C) (Freiser, 1975) could be tolerated in a solder glass to glass seal as 
shown in Fig. 5.1. 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Tolerable coefficient of thermal expansions mismatch versus setting 
temperature for solder glasses.               (Freiser, 1975) 
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According to Freiser (1975) and Gallup (1957), solder glasses are classified, according 
to their thermal expansion coefficients, into three categories. Hard solder glasses with 
thermal expansion of 25x10-7/˚C. Semi-hard solder glasses with thermal expansion of 
25 to 50x10-7/˚C and soft solder glasses with thermal expansion of more than 
50x10-7 /˚C. 
 
Fig. 5.2 shows the thermal expansion of glasses is linear with temperature up to the 
inflection point. It can be seen from Fig. 5.2 that thermal expansion of pure metals, such 
as Sn, Zn, Al, Cu, Bi, Pb or In, is linear with temperature and that of its alloys the 
thermal expansion is linear up to the point of inflection, after which their expansion 
increases more rapidly. From Fig. 5.2 the expansion variations, derived from the 
expansion curves of the metal and the glass (Roth, 1966), illustrates the similar kind of 
stresses (e.g. tensile stress) during the cooling from the sealing to the ambient 
temperature. The solder glass seal becomes rigid, fragile, brittle and inelastic up to the 
inflection point and on further cooling to the ambient temperature. Substantial cracking 
in the solder glass bond will be visible if the contraction rate of the glass and solder 
glass differs extensively (Kohl, 1967).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Coefficient of linear and differential thermal expansion of glass-metal seals 
versus temperature.                                (Roth, 1966) 
Inflection point 
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A glass-to-metal seal could be under compressive stresses when the thermal expansion 
coefficient of metal is greater than the glass. The glass-to-metal seal is under tensile 
stress when the thermal expansion coefficient is less than the glass (Freiser, 1975). To 
substantiate stresses normal to the glass-to-metal interface an approach suggested in 
(Kohl, 1967) that when the metals of larger thermal expansion coefficient than the glass 
then the metal part needed to be soft and thin to deform elastically in order to allow 
changes in the dimensions of the glass when it cools. The total stress scenario in the 
glass-to-metal seal is far more complicated than in the case of fusion of different 
composition of materials to the glass surface. For the strong bond between solder glass 
and the glass, the thermal expansion coefficient of the solder glass must either be 
similar to or less than the glass.  
 
5.1.2. Incidence of the Interaction between Glass-to-Metal Seal  
 
In general, a good glass-to-metal seal can be achieved by either creating a layer of 
materials or interactions between the contact surfaces. The nature of the interaction and 
its mechanism vary dependent on the type of metal and/or its alloys. From a molecular 
approach, the interaction of glass-to-metal occurs in a transitional region when the 
metal-wire gradually forming an ionic-covalent fuse with the glass surface. It was 
suggested in (Donald, 1993) that a good seal can be achieved when the glass is saturated 
with the appropriate metal oxide layer as a transitional character. At elevated 
temperature when the atoms of metal-wire and the metal ions of the soda lime glass are 
moveable, because the chemical composition of soda lime glass (Uhlmann and Kreidl, 
1980) has different weight percentages of SiO2, Al2O3, TiO3 and Fe2O3 and others. So 
there will be a continuous exchange at the glass-to-metal interface. In an ideal case 
scenario for the formation of hermetic seal, metal ions from the soda lime glass surface 
will diffuse into the metal-wire where they will gain electrons and become zero valence 
metal atoms. Whilst, the metal-wire atoms will diffuse into the soda lime glass surface 
and become ionized. The reliability of the seal would then be assessed determined by 
thickness, uniformity and types of oxide layer (Roth, 1966). The thickness of the layer 
is critical to avoid the oxide layer being porous or mechanically weak or brittle. 
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In high vacuum applications the presence of the oxide layer between the glass-to-metal 
seal should be avoided since the seal enters into the outgassing processes such as 
surface desorption, diffusion and permeation of gases. (Turner et al, 2006). The surface 
appearance, such as colour change to a darker shade in the glass-metal after sealing, 
generally indicates the level of oxidation and the reliability of the seal. In some cases 
however (e.g. tungsten) this is not a definite indication as to whether the seal contains or 
does not contain the required oxides. 
 
The level of oxidation is influenced by the type of metal used and the processing 
temperature. Any gas molecules that remain trapped in the glass-to-metal seal usually 
form micro air gaps or pinholes in the seal. The processing temperature at which the 
oxide-layer is formed plays an important part in reducing oxygen molecules in the seal 
to a negligible level. 
 
For metals, if the surface is contaminated by a thin layer of oxide, the initial outgassing 
rate at ambient temperature is of the order of 10-4 Pa m3 s-1m-2(Roth, 1966). 
Nevertheless, the outgassing rate decreases with time and can be expressed over the first 
ten hours according to (Dayton, 1962) by equation 5.1: 
 zt = Z0Zhn                (5.1) 
 
Where Zt is the outgassing rate at time th (in hours), Z0 is about 10-4 Pa m3 s-1 m-2, and n 
may vary from 0.7 to 2 but is normally near to 1. 
 
The rate of outgassing increases due to the presence of water vapour between the seal 
and the glass. This can be decreased exponentially to a much lower value by continuing 
evacuation for more than 10 hours. The gases left within the seal are commonly CO, 
CO2, O2, N2 and H2 which can be removed during the molten stage of the seal (Weston, 
1985) by making it under high vacuum environment. Some of these gases react with 
metals to form compounds. The type and composition of the materials used for sealing 
and the cleaning methods used before fabricating the sample will determine the gases 
that are left.  
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5.1.3. The Importance of Vapour Pressure in Choosing Metals to form a 
          Glass-to-Metal Seal 
 
The vapour pressure of metals indicates the evaporation rate in the liquid phase and is a 
tendency of molecules in a liquid phase, at a given temperature, to escape within a 
closed system. For example, as shown in Fig. 5.3, the vapour pressure of indium (In) 
increases from 10-2Pa to around 1Pa with a temperature increase from around 650˚C to 
850˚C. Comparing this with Tin (Sn) for a similar temperature increase, the vapour 
pressure increases from 10-5Pa to 8x10-3Pa. According to Weston (1985), at ambient 
temperatures metals such as Pb (Lead), In (Indium), Sn (Tin), Bi (Bismuth), Sb 
(Antimony), Zn (Zinc) or Cd (Cadmium), have a vapour pressure above 10-9 Pa. Among 
these metals, cadmium and zinc have a higher vapour pressure and should be avoided, 
and not as elements for the formation of glass-metal seals. Lead, tin and indium can be 
used in high vacuum applications due to their low vapour pressures as shown in Fig. 
5.3. Bismuth is brittle in nature and individually this element cannot be used in high 
vacuum applications for the glass-metal seals (Norman, 1998). 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Vapour pressures of metals (Sn, In, Bi, Cd and Zn) considered for use in 
glass-metal seals at different temperatures.                 (Roth, 1966) 
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The basis of the method and techniques explored in this research is the use of boric 
oxide to form a layer of oxides on the glass surface, which become glassy and rigid in 
shape after heating to its melting temperature. It is worth noting that the formation of 
boric oxide was initially reported in the scientific paper no. 857 from research 
laboratories of Westinghouse Electric & IC manufacturing company in 1937 and then 
patented (Mcculloch, 1940). Boric oxide has increasing applications as a fluxing agent 
for glass and enamels (Woods, 1994). The melting point of crystalline boric oxide is 
450 -470˚C. 
 
5.1.4. Viscous Behaviour of the Glass and Sealing Materials 
  
One of the essential characteristics when forming a glass-metal seal is the viscous 
dynamic behaviour at their straining and setting point. In addition to the thermal 
expansion of the materials, the viscosity at melting temperature of the material also 
influences the mechanical rigidity of the seal. 
 
According to the ASTM definition, glass is an inorganic liquid product which has 
cooled off and solidified, with very high viscosity, without crystallizing. When the 
temperature increases, the viscosity decreases and the glass gradually assume the 
character of a liquid. Glasses are traditionally classified into two categories. The first 
category is the ‘hard’ or borosilicate, in which the main additive to the silica is boric 
oxide (B2O3). The second category is the ‘soft’ in which the main additive is either 
Na2O (sodium oxide) to give soda glass or lead oxide (PbO) to give lead glass (Weston, 
1985). At the temperature of 470˚C (Pilkington, 2012)  when all movement of the glass 
molecules at which a certain glass viscosity is reached and no more strain can be 
introduced into the hot soda glass (strain point) the viscosity is approximately 1013.5 Pa.s 
(Weston, 1985). According to Winter (1957), the viscosity of 1014 Pa.s is believed to be 
the limit for the solid (fragile) body of the glass. For temperatures above 300˚C, a 
tempered glass begins to lose its temper and because of this it could not be used for the 
high temperature fabrication process. 
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Glasses with low softening temperatures (<600˚C) are often referred to as solder 
glasses. In general, the set point temperature of the glass to solder glass seal is 
approximately 510˚C. In which the viscosity of the glass being approximately 1012 Pa.s 
and the viscosity of solder glass is in between 104 and 105 Pa.s (Roth, 1966). The pure 
metals or alloys of indium, tin, bismuth or lead, the viscosity is above 1014Pa.s can be 
achieved at the temperature less than the strain point of the glass, this could be the 
fragile or solid phase point i.e. below 350˚C (Kohl, 1967). 
 
5.1.5. A Brief Study of Patents on the Glass Seals 
 
The concept of producing alloys for the glass seals has, however, offer a number of 
solutions. An alloy of Bi (53-76 weight %), Sn (22-35 weight %) and In (2-12 weight 
%) was claimed to have an excellent oxidation resistance and sealing property suitable 
for rotating plug of a nuclear reactor (Murabayashi et al, 1980). Pb-B glasses or         
Pb-Zn-B glasses in which the Zn-Pb (mol ratio below 1:2) was claimed to be used in 
sealing semiconductor packages at the temperature of 450˚C (Dumesnil and Schreier, 
1976). A glass solder consists of B2O3 (20-30 mole %), PbO (60-69 mole %),           
ZnO (0-10 mole %), CuO (0-6 mole %) and Bi2O3 (0.5-2.0 mole %). In which the 
mixture of these composites with SiO2 and Al2O3 could be a suitable solution to seal 
with soda-lime-silica glass (Kawamura and Yamaguchi, 1972). A lead-free composite 
material or a glass sealing paste consists of Bi2O3 (70-90 weight %), ZnO (1-20 weight 
%), B2O3 (2-12 weight %), Al2O3 (0.1-5 weight %), CeO2 (0.1-5 weight %),                  
CuO (0-5 weight %), Fe2O3 (0-0.2 weight %) and CuO+Fe2O3 (0.05-5 weight %) was 
claimed to be a reasonable sealing composite for the glass seal (Ide, 2007).  
 
These patents were studied to develop novel composites and methods for the fabrication 
of high temperature hermetic edge sealed vacuum glazing. 
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5.2. Methodology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: An overview of the systematic approach employed for the development of 
high temperature hermetic edge seal (Fusion Seal) with the fabrication of vacuum 
glazing units. 
Study of the components 
and formation of 
soda/borosilicate glass 
 
Study of the patents on 
the glass seals 
Study of the glass-metal 
sealing materials 
Study of the solder 
glasses 
Selection of lead-free materials 
for the investigation 
(Sn, Bi, B2O3, In, Zn) 
Hypothesis 1 
A mixture of B2O3, Sn and Bi powders at different weight 
percentages could form a hermetic seal 
Hypothesis 2 
The use of, Sn, Sn50In50 or Sn90In10 alloys to form a 
hermetic seal 
Hypothesis 3 
Formation of a thin surface texture with B2O3 and the use of 
Sn wire to form a hermetic seal  
Hypothesis 4 
Improve the surface texture by adding Sn, Bi and Zn 
powder. Choose the correct mixture to be used with 
Sn90In10 alloy wire.  
Develop seal designs and 
fabrication methods 
 
Develop ultrasonic-soldering-free 
fabrication method 
 
Use the correct mixture of 
Sn-B2O3 for surface texture 
Develop 
Fusion Seal 
Fabricate Vacuum Glazing 
Units with Fusion Seal 
 
A methodology for developing the high temperature 
hermetic edge sealed (Fusion Sealed) Vacuum Glazing 
Bi-B
2 O
3  
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An overview of the systematic approach employed performing theoretical and 
experimental analyses for the fabrication of high temperature hermetic edge sealed 
(fusion sealed) vacuum glazing units are summarised in the block diagram in Fig 5.4. 
 
The first part was to study the soda lime and borosilicate glass components. The second 
part was to study the complexities in the interaction of a glass with metals and solder 
glasses. The third part was to study selected patents to choose materials and develop 
novel composites. All of these parts were discussed in section 5.1. It is often desirable 
to have lead-free materials in building components. Because the use of lead is restricted 
in buildings and the allowable concentration quantity of not more than 0.1 weight % in 
homogeneous materials (RoHS Regulations, 2011), though the solder glass powder 
(Schott 8467) has more percentage of lead than regulated. Thus, five lead-free materials 
were selected that are Sn, Bi, B2O3, In and Zn for the investigation to develop a new 
high temperature based sealing material.  
 
The first hypothesis developed was to use B2O3, Sn and Bi powders at different weight 
percentages. A number of samples were fabricated in which all of the edge seals were 
porous and brittle. The second hypothesis was to use Sn wire and alloys of Sn50In50 
and Sn90In10 for the formation of a seal with the k-glass. But these were having a 
mechanically weak bond.  The third hypothetical idea developed was to form a surface 
texture with B2O3 and the use of Sn wire to be melted on to the surface texture at 
temperature of 450˚C. The reason a surface texture idea was developed was to create an 
incidence of the interaction between glass and Sn or Sn90In10 alloy forming a thin 
glassy layer. The fourth hypothesis was to improve the surface texture by adding Sn, Bi 
and Zn powder to form a correct mixture which should be rigid and be able to make a 
hermetic bond with Sn90In10 alloy.   
 
To date, there has been no reported study which has identified a cost-effective, lead-free 
and ultrasonic soldering free high temperature sealing method for vacuum glazing 
fabrication. In this chapter the design, methods and techniques to form a hermetic edge 
seal, named as a fusion seal, are presented. Fusion seal is made of a process developed 
in which the particles of B2O3 and/or Sn are fused with the hard Sn or Sn-In alloy to 
form an air tight seal. This requires the formation of a textured layer on the glass surface 
using an appropriate mix of boric oxide and/or tin. This method was achieved after 
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studying and experimenting on the glass components and metals behaviour at different 
temperature regimes.  
 
In the following sections the experimental procedure developed, seal property testing 
and initial results for the fusion seal. This includes a description of samples fabricated 
that led to determining the correct material mixture for the creation of a rigid texture on 
the glass surface. 
 
5.3. Formation of a Novel Fusion Seal and Seal Evaluation 
 
The concept of forming a thin textured layer on the surface of a glass sheet is presented 
in this section. Two materials were studied to produce the textured layer. Fig 5.5a shows 
an illustration of a texture layer of boric oxide (B2O3) and Fig5.5b shows an illustration 
of a texture layer of a mixture of (B2O3) and tin (Sn). 
 
Not to scale 
 
 
 
 
 
 
 
                             (a)                             (b) 
Figure 5.5: (a) Illustration of a textured surface produced from crystals of boric oxide 
(B2O3) (b) A textured surface produced from a mixture of boric oxide and metal or its 
alloys powder. 
 
Treatment with B2O3 is considered advantageous in the formation of glass-metal seal. 
Due to the phase transitions of B2O3, glassy crystals to disordered condensed liquid 
form, when heating to 450˚C followed by then formation of a hard glassy discontinuous 
rigid shape on the glass surface. The concept of introducing a metal powder to the 
crystals of B2O3 to improve the viscous behaviour is investigated. This may result when 
Boric oxide (B2O3) Composite of  
B2O3 and Sn/alloys 
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boric oxide molecules react with metal atoms when both are in the liquid state. In this 
study the powdered metals studied were Sn, Bi and Zn combined the mixture with B2O3.  
 
In order to arrive at the correct mixture of B2O3 and powdered metals (Sn, Zn, Bi and/or 
their combinations) and/or the use of Sn-steel-Sn sheet for the formation of a suitable 
texture surface and subsequent fusion seal, more than 25 samples were fabricated from 
which 15 samples are presented here. In which the materials at different weight 
percentages were tested to understand and achieve the rigid texture surface and/or to be 
able to achieve a thin glassy layer between glass and metal wire to form a hermetic seal.  
These are listed in the table 5.1. 
 
The samples in table 5.1 were made in two environments, one being exposed condition 
in which the samples were prepared on a hot plate i.e. samples EA, EB and EC. The 
other being closed conditions in which the samples were prepared inside an oven i.e.   
C-1, CA, CB, CC, CD, CE, CF, CG, CH and C-2. The reason of choosing two 
conditions was to understand the behaviour of the composites under uniform air 
temperature and non-uniform air temperature (a use of hot plate).  
 
The specific temperature profile method was developed after a number of sample 
fabrications in which approximate temperature regimes used is shown in Fig. 5.6. In the 
first heating phase the temperature was increased to 300˚C. The melting temperatures 
of pure Sn, Bi and Zn are 231.93˚C, 271.5˚C and 419.53˚C. The Zn powder was 
employed due to its wider applications in alloys for producing the rigid bonds with 
glass. The percentage weight used was not more than 7.5% weight of Zn powder.  In the 
second heating phase the temperature was held at 300˚C for 20 minutes to let the metal 
powder, Sn and/or Bi, melt. In the third heating phase the temperature is increased to 
450˚C and then held at this temperature for 30 minutes. This allowed the molten metal 
powder or metal-alloys to react with the molten boric oxide and/or zinc. In the fifth 
heating phase was to steadily cool the sample down to an ambient temperature of 21˚C, 
this is because the cooling process may introduce stresses on the sealing area, due to the 
difference in thermal expansion of glass and metal/alloy, if not gradually cool the sample down 
to an ambient temperature. 
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Figure 5.6: Heating regime used for the formation of a textured glass surface under the 
enclosed and exposed environmental conditions. 
 
The textured surface property was classified into three types: 
 
• A ‘good’ sample is characterised by a rigid textured surface with no apparent 
porosity or brittleness in the surface. 
 
• An ‘acceptable’ sample represents a surface that has little apparent porosity and 
brittleness in the structure. 
 
• A ‘fail’ sample indicates a porous and brittle surface with poor oxidation resistance 
evidenced by colour changing. 
 
The classification of the textured surfaces is given in Table 5.1.  The materials surface 
condition, after bonding to the SnO2 coated surface of the k-glass, of selected samples 
from Table 5.1 were then analysed using a scanning electron microscope and an optical 
microscope to select the most promising mixture from the materials tested for formation 
of a fusion seal. From table 5.1, all of the alloys used are lead-free. The most promising 
criteria for selecting the correct mixture were: to micro-structurally analyse the seal and 
a creation of a thin glassy layer; and to test the surface texture with metal/alloy wire at 
high temperature, by evacuating the sample. This idea was based on the hypothesis 
developed by experimenting on materials for over 2 two years.  
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Table: 5.1: Details of the mixtures used in the formation of glass surface texture suitable 
for fusion bonds ranking of the surface texture characteristics. 
 
Sample  
No.        Type 
Proportion Weight % 
Quantity Sealing Fig. 
 
B2O3 Sn Bi Zn 
Sn-Steel-Sn 
(0.2mm sheet) Grams Property No. 
1 1-C 100 - - - - 0.3 Good surface texture - 
2 CA  39.3 60.7 - - - 0.5 Acceptable surface texture - 
3 CB  10 90 - - - 0.5 Fail - 
4 CC  20 50 30  - 0.5 Acceptable surface texture 5.7 
5 CD  35 50 7.5 7.5 - 0.5 Fail 5.8 
6 CE   5-7 93-95* - - - 2 Acceptable for bonding  
7 
CF (correct 
mixture) 
 
38 62 - - - 0.5 Good for the bond and the surface texture 5.9 
8 CF-(repeat) 38 62 - - - 0.5 Good for the bond and the surface texture 5.10 
9 
CF (fusion 
sealed 
sample) 
38 62 - - - 0.5 Good for the bond and the surface texture 5.11 
10 CG 36 64 - - - 0.5 
Acceptable for the surface 
texture and for the bond if 
a copper gasket wire used 
5.12 
11 CH 25 58 7.5 7.5 - 0.5 Acceptable for the surface texture - 
12 EA 1-1.5 2-3.5 - - 95-97 0.72 
Acceptable for the bond if 
fabricated in a controlled 
radiative heating 
environment 
5.13 
13 EB 35 65 - - - 0.5 Acceptable for the surface texture 5.14 
14 EC 35 50 7.5 7.5 - 0.5 Fail 5.15 
15 C-2 38 62 - - - 0.1 
Successfully created  the 
textured thin layer on the 
glass surface 
5.16 
C= The sample made under enclosed environment in the radiative heating oven 
E=The sample made under open environment on the hot plate 
* Pure tin (Sn) solder wire 
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1. Sample ‘1-C’ was formed with B2O3 (crystals grain size of 74 microns) heated to 
450˚C on the glass surface. The B2O3 crystals form a glassy rigid textured shape on the 
glass surface. This was considered to be a ‘good’ sample and a useful material for the 
formation of surface bonds. 
   
2.  It was hypothesized that the addition of metal powders to the crystals of B2O3 could 
possibly achieve a better textured surface. Sample ‘CA’ was fabricated with a mixture 
of B2O3 and Sn (grain size of smaller than 44 microns) having a proportion of 39.3 % 
weight and 60.7 % weight respectively. This found to be ‘acceptable’ for the creation of 
a surface texture due to the rigidity of the surface formed. Some of the crystals of B2O3 
and Sn did not melt together due to the mismatch in the % weight.  
 
3.  Sample ‘CB’ was formed to investigate the influence of reducing the B2O3 % weight. 
The mixture used was 10% weight of B2O3 and 90% weight of Sn.  The sample ‘CB’ 
mixture ‘failed’ with a poor surface formed thus was insufficient % weight of B2O3. 
 
4.  Sample ‘CC’ was formed with B2O3-Sn-Bi in the proportion ratio of 20:50:30 by % 
weight respectively.  The surface formed was analysed, using the scanning electron 
microscopy, and found to be ‘acceptable’ providing a rigid surface structure. This was 
however not considered suitable for the development of a fusion seal due to its porous 
structure, as illustrated in Fig 5.7. 
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Figure 5.7: A scanning electron microscopy image of sample ‘CC’ formed with       
B2O3-Sn-Bi having proportions of ratio 20:50:30 by % weight.  
 
5.  Sample ‘CD’ was formed using B2O3-Sn-Bi-Zn having proportions of ratio 
35:50:7.5:7.5 by % weight. This sample was classed to ‘failed’. The surface structure 
formed was porous, highly oxidised and exhibited colour change to slight black, as can 
be seen in the scanning electron microscope image in Fig. 5.8.    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: Scanning electron microscope image of sample ‘CD’ formed from B2O3-Sn-
Bi-Zn having proportions of ratio 35:50:7.5:7.5 by % weight.  
Bi-Sn-B2O3 
Sn-B2O3 
Porous 
Rigid 
B2O3-Sn-Bi-Zn 
Porous structure 
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6.  Sample ‘CE’ was formed with crystals of B2O3 and with pure Sn wire having 
approximate proportions of 5-7 % weight and 93-95 % weight respectively. This 
formation approach was observed to be ‘acceptable’ for the development of a fusion 
seal due to its rigidity, consistency and the non-porous nature of the surface texture. 
  
7, 8 and 9.  Sample ‘CF’ was fabricated with B2O3-Sn alloy having proportions of ratio 
38:62 by % weight respectively. This composite mixture was analysed and found to be 
‘good’ for the textured surface and suitable for the formation of a rigid textured 
composite surface and for the fusion seal. This was due to the formation of a glassy 
B2O3 layer on the tin surface. This successful experiment was repeated and the same 
composite mixture was applied and used to bond two pieces of k-glass together. As 
illustrated in the scanning electron microscope image Fig. 5.9 and the optical 
microscope image Figs. 5.10 and 5.11.  Although, impurities may be contained in the 
B2O338Sn62 alloy due to the formation of the surface texture in the non-clean 
environment inside the oven.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: Scanning electron microscope image of sample ‘CF’ formed with B2O3-Sn 
having proportions of ratio 38:62 by % weight.  
 
 
 
 
Sn-layer of glassy B2O3 layer 
B2O3-Sn rigid bond 
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Figure 5.10: Optical micrograph image of the sample ‘CF’ formed with B2O3-Sn having 
proportions of ratio 38:62 by % weight.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11: Optical micrograph image of sample ‘CF’ fabricated with B2O3-Sn having 
proportions of ratio 38:62 by % weight when used to bond two pieces of k-glass 
together.  
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10.  A slight variation in the mixture of the ‘good’ sample ‘CF’, gave sample ‘CG’ 
fabricated with B2O3-Sn composite having proportions of ratio 36:64 by % weight 
respectively. This mixture was analysed and found to be ‘acceptable’ in the formed 
textured surface due to its rigidity and consistency. However, compared to sample ‘CF’ 
this mixture was not considered suitable for forming a fusion seal, as can be seen in the 
scanning electron microscope image in Fig. 5.12. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12: Scanning electron microscope image of sample ‘CG’ formed with B2O3-Sn 
having proportions of ratio 36:64 by % weight.  
 
11. Sample ‘CH’ was formed with B2O3-Sn-Bi-Zn having proportions of ratio 
25:58:7.5:7.5 by % weight respectively. This was achieved with the slight variation in 
the B2O3-Sn composition of sample ‘CD’. This was considered to provide an 
‘acceptable’ textured surface but not be suitable for fusion seal due to the presence of 
zinc powder that did not appear to be bonded to the B2O3.  
  
12.  Sample ‘EA’ was designed with B2O3-Sn mixture and a Sn-steel-Sn 0.2mm thick 
sheet having approximate proportions 1-1.5 % weight, 2-3.5 % weight and 95-97 % 
weight. This combination of the textured surface of B2O3-Sn alloy and the sheet of Sn-
steel-Sn gave promising results, as can be seen in Fig. 5.13. This is due to the seal 
structure formed being rigid, non-porous, and mechanically strong. This idea/method 
was not repeated further or pursued due to the formation of minute pin holes and an 
oxide layer.   
B2O3-Sn rigid bond 
Small percentage of B2O3 crystals 
which were not bonded completely 
with Sn layer on the surface 
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Figure 5.13: Optical micrograph image of the sample ‘EA’ fabricated with a 0.2mm 
thick Sn-steel-Sn sheet proportion of 95-97 % weight with textured layer made of Sn-
B2O3 having proportions 1-1.5 % weight and 2-3.5 % weight respectively.  
 
13.  Sample ‘EB’ was formed using a mixture of B2O3-Sn ratio of ratio of 35:65 by % 
weight. The surface formed was analysed, using a scanning electron microscope, and 
found to be ‘acceptable’ in terms of surface texture only. It can be seen, from Fig. 5.14, 
that un-bonded crystals of B2O3-Sn and tiny holes are present on the surface; despite the 
fact the structure was rigid and mechanically strong, it was not good for the formation 
of a fusion seal.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14: A scanning electron microscope image of sample ‘EB’ formed with B2O3-
Sn having proportions of ratio of 35:65 by % weight. 
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14.  As noted sample ‘CD’ was classified failed, sample ‘EC’ had a similar mixture of 
materials but was formed on the hot plate. From Fig. 5.15, an SEM image of the surface 
formed this mixture (35:50:7.5: B2O3, Sn, Bi, Zn) does not form an acceptable surface 
texture. The surface structure was found to be porous, brittle, highly oxidised and 
exhibited colour change to a slight black. The formation of a textured surface on the hot 
plate (exposed condition) is not recommended. The use of an oven was more successful 
in achieving a good textured surface due to a uniform air temperature. 
 
      
 
 
 
 
 
 
 
 
 
 
Figure 5.15: Scanning electron microscopy of the sample ‘EC’ fabricated with B2O3-
Sn-Bi-Zn alloy having a proportion of ratio 35:50:7.5:7.5 by % weight.  
 
15.  After achieving repeated positive results for the mixture used for sample CF, a thin 
textured layer on the k-glass was formed. The sample C-2 surface formed was rigid, as 
seen in the optical micrograph image Fig. 5.16.  
 
This textured surface was used to form the basis of the successful fusion sealed vacuum 
glazing. 
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Figure 5.16: Optical micrograph image of sample ‘C-2’ fabricated with a mixture of 
B2O338%-Sn-62%,the same mixture as used in sample ‘CF’, showing the formation of a 
rigid and hard thin textured layer on the glass surface. 
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5.4. Fusion Seal Design and Fabrication Processes for Vacuum Glazing 
 
In the following sub-sections five sample designs and fabrication processes investigated 
for the production of vacuum glazing are discussed. These samples are named A1, A2, 
A3, A4 and A5.  
 
5.4.1. Sample ‘A1’: Design and Fabrication Process  
 
5.4.1.1. Fabrication Overview 
 
Sample ‘A1’ was, based on the bond developed in sample ‘1-C’ as discussed in section 
5.3. This process has three stages, as illustrated schematically in Fig. 5.17. 
 
The first stage was to produce a fine powder (around 74 microns) of B2O3 crystals and 
deposit them on the edge of the glass surface. This was then heated to 450˚C to form a 
rigid textured surface. 
 
The second stage was to ultrasonically solder pure Sn wire on to the textured surface in 
addition to positioning two Sn wires (1.0 mm in diameter) on the sealing area and 
lowering the top glass sheet on to the bottom sheet.  
 
The third stage was to place the two glass sheets together, separated by the support 
pillars inside the oven and then use the heating regime illustrated in Fig.5.6.  
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Figure 5.17: The three stage fabrication process for producing the fusion seal used for 
sample ‘A1’. (1) Formation of the textured surface. (2) Soldering and positioning pure 
Sn wire around the periphery of the lower glass sheet. (3) Heat the complete sample to 
form the seal. 
 
5.4.1.2. Detailed Fabrication 
 
The pump-out system, discussed in Chapter 3, was used for evacuation and pump-out 
hole sealing for the samples of vacuum glazing produced. The detailed fabrication 
process for sample ‘A1’ is: 
 
1) Two glass sheets of 150x150x4mm were prepared. A pump-out hole (4mm in 
diameter) was drilled in the upper glass sheet. The glass sheets were cleaned with water, 
isopropanol and acetone. 
 
2) A fine powder of crystalline B2O3 (around 74 microns), was prepared using a mortar 
and pestle, and deposited on the (14mm) edge of the glass surface. Both sheets were 
heated to 450˚C to form a rigid textured surface, as can be seen in Fig. 5.18. In addition 
to the formation of the textured surface, the glass sheets were additionally baked-out at 
120˚C to remove moisture from the glass surface. 
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Figure 5.18: The B2O3 textured glass surface on the lower and upper glass sheets used 
to produce sample A1. 
 
3) The edge sealing material, in this case pure Sn wire was applied by ultrasonically 
soldering the Sn around the periphery of two glass sheets on to the B2O3 rigid textured 
surface, as shown in Fig. 5.19. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.19: The Sn layer ultrasonically soldered on to the B2O3 textured layer on the 
glass surface. 
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4) Stainless steel support pillars (0.15 mm in height and 0.3mm in diameter) were 
positioned on the lower glass sheets in a square array of pitch 24mm with each other.  
 
5) The two Sn wires were placed on top of the soldered edge area of the lower glass 
sheet, as shown in Fig 5.20. The upper glass sheet was lowered on to the support pillars 
and edge seal. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.20: Two Sn wires placed on top of the edge seal area on the lower glass sheet. 
The support pillars are not visible in this illustration. 
 
6) The sample was heated in an oven to 450˚C following the heating regime shown in 
Fig. 5.6. 
 
7) The sample was placed in a low temperature heating oven and heated to a rough 
heating environment (approx. 110˚C) for the evacuation of the sample ‘A1’ through the 
modified design of vacuum cup, shown in Fig 5.21. 
 
 
 
 
 
Lower glass sheet 
Two tin wires 
Support pillars 
  
CHAPTER 5 
 
 
120 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.21: Experimental setup for the evacuation of sample ‘A1’ in the low 
temperature (110˚C) heating oven. The vacuum pressure achieved was 1x10-1Pa. 
 
5.4.2.    Sample ‘A2’: Design and Fabrication Process  
 
5.4.2.1. Fabrication Overview 
 
Sample ‘A2’ was made replacing the tin wire with Sn90In10 wire. The surface texture 
of the sample ‘A2’ was similar to that of ‘A1’. This process has three stages, as 
illustrated schematically in Fig 5.22. 
 
The first stage was to produce a fine powder (around 74 microns) of B2O3 crystals and 
deposit them on the edge of the glass surface. This was then heated to 450˚C to form a 
rigid textured surface. 
 
The second stage was to ultrasonically solder the Sn90In10 wire on to the textured glass 
surface in addition to positioning one Sn90In10 wire (2mm in diameter) on the sealing 
area and lower the top sheet on to the bottom sheet.  
Heating Oven 
Vacuum pump 
Pressure Monitor 
Pressure Gauge 
Vacuum Cup 
Sample A1 
CHAPTER 5 
 
 
121 
The third stage was to place the two glass sheets together, separated by the support 
pillars inside the heating oven and then use the heating regime illustrated in Fig.5.6.  
 
 
 
 
 
 
 
 
 
 
Figure 5.22: The three stage fabrication process for producing the fusion seal used for 
sample ‘A2’. (1) Formation of the textured surface. (2) Soldering and positioning 
Sn90In10 wire around the periphery of the lower glass sheet. (3) Heat the complete 
sample to form the seal. 
 
5.4.2.2. Detailed Fabrication 
 
1) Two glass sheets of 150x150x4mm were prepared. A pump-out hole (4mm in 
diameter) was drilled in the upper glass sheet. The glass sheets were cleaned with water, 
isopropanol and acetone. 
 
2) A surface texture of B2O3 was formed and baked-out similar to that mentioned in 
section 5.4.1.2.  
 
3) A Sn90In10 wire was ultrasonically soldered around the periphery of two glass 
sheets, on top of the B2O3 rigid textured surface, as shown in Fig. 5.23. 
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Figure 5.23: The Sn90In10 layer ultrasonically soldered on to the sealing area. 
 
4) Stainless steel support pillars were positioned on the lower glass sheets in a square 
array of pitch 24mm. 
 
5) A Sn90In10 wire (2mm in diameter) was placed on top of the soldered edge area of 
the lower glass sheet, as shown in Fig 5.24. The upper glass sheet was lowered on to the 
support pillars and edge seal. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.24: A Sn90In10 wire placed on the edge seal area of the lower glass sheet. The 
support pillars though placed are not visible on this illustration. 
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6) The sample ‘A2’ was heated in the oven to 450˚C following the heating regime as 
shown in Fig. 5.6. 
 
7) The sample was placed in a low temperature heating oven and heated to a rough 
heating environment (approx. 110˚C) for the evacuation of the sample ‘A2’ through the 
modified design of vacuum cup, shown in Fig 5.25. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.25: Experimental setup for the evacuation of sample ‘A2’ in the low 
temperature (110˚C) heating oven. The vacuum pressure achieved was 9.5x10-2Pa.  
 
8) During evacuation the pump-out hole was sealed by heating the Cerasolzer alloy 
coated glass square using the cartridge heater in the vacuum cup. 
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5.4.3. Sample ‘A3’: Design and Fabrication Process  
 
5.4.3.1. Fabrication Overview 
 
Sample ‘A3’ was produced without using ultrasonic-soldering. The reason to not use 
ultrasonic-soldering method is to save the electrical energy consumption, time, 
laborious work and simplifying the production process of vacuum glazing. This was 
based on the B2O3 textured surface and a Sn90In10 wire to join the two glass sheets. 
This process has three stages, as illustrated in Fig. 5.26. 
 
The first stage was to produce a fine powder (around 74 microns) of B2O3 crystals and 
deposited them on the edge of the glass surface. This was then heated to 450˚C to form 
a rigid textured surface.  
 
The second stage was to place a Sn90In10 wire on the textured sealing area and lower 
the top glass sheet on to the bottom sheet. 
 
The third stage was to place the two glass sheets together, separated by support pillars 
inside the oven and then use the heating regime illustrated in Fig.5.6. 
 
 
 
 
 
 
 
 
 
 
Figure 5.26: Fabrication process for sample ‘A3’. (Similar to that of ‘A2’ with no 
ultrasonic soldering stage)  
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5.4.3.2. Detailed Fabrication 
 
The fabrication process steps are similar to the process discussed in the section 5.4.2.2 
except for step 3 and step 7 which are discussed below. 
 
3) There is no corresponding step to step 3 of section 5.4.2.2. 
 
7) In this fabrication process the evacuation of the sample ‘A3’was performed by 
placing it on a hot plate and heated to maximum of 150˚C, as shown in Fig 5.27. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.27: Experimental setup for the evacuation of sample ‘A3’ using a hot plate 
with a maximum temperature of 150˚C. Vacuum pressure achieved was 1x10-1Pa. 
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5.4.4. Sample ‘A4’: Design and Fabrication Process  
 
5.4.4.1. Fabrication Overview 
 
Sample ‘A4’ used similar materials to those used in sample ‘A3’. In this trial the seal 
design was improved by forming a thin texture layer of B2O3 on the Sn90In10 wire 
instead of creating a textured surface around the periphery of the glass surface. This 
method is based on two stages, as illustrated schematically in Fig. 5.28.  
 
The first stage was to produce the textured surface on the Sn90In10 wire to be placed 
around the periphery of the lower glass sheet. 
 
The second stage was to place the two glass sheets together, separated by the support 
pillars inside the oven and then use the heating regime illustrated in the Fig.5.6. 
 
 
 
 
 
 
 
 
 
 
Figure 5.28: The two stage fabrication process for producing sample ‘A4’. (1) 
Formation of a B2O3 textured layer on the Sn90In10 wire to be placed around the 
periphery of the glass sheet. (2) Heat the complete sample to 450˚C to form the seal. 
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5.4.4.2. Detailed Fabrication 
 
1) Two glass sheets of 170x170x4mm were prepared. A pump-out hole (4mm in 
diameter) was drilled in the upper glass sheet. The glass sheets were cleaned with water, 
isopropanol and acetone. 
 
2) The two glass sheets were baked-out in the oven at 120˚C. 
 
3) A Sn90In10 wire was shaped to the sealing area and covered in B2O3 inside the oven 
which was then heated up to 250˚C shown in Fig. 5.29. The wire with a coating of 
B2O3 was placed around the periphery of the lower glass sheet. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.29: Formation of the B2O3 layer on the Sn90In10 solder wire square. 
 
4) Stainless steel support pillars were positioned on the lower glass sheets in a square 
array of pitch 24mm. The upper glass sheet was lowered on to the support pillars. 
 
5) The sample was heated in an oven to 450˚C following the heating regime shown in 
Fig. 5.6. 
 
7) Step 7 is the same as that of section 5.4.3.2. 
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5.4.5. Sample ‘A5’: Design and Fabrication Process 
 
5.4.5.1. Fabrication Overview 
 
Sample ‘A5’ is a lead-free, ultrasonic-soldering-free and low cost edge sealing solution. 
This method reduces the time required for vacuum glazing fabrication. Sample ‘A5’ is a 
modified design based on sample A3 discussed in section 5.4.3. The textured surface on 
the glass was based on sample CF, discussed in the section 5.3. This process has three 
stages, as illustrated in Fig. 5.30. 
 
The first stage was to produce a fine powder (around 74 micron) of B2O3 crystals to be 
mixed with Sn powder (grain size smaller than 44 micron) having the proportions of 
ratio 38:62 by % weight respectively. This was then used to texture a surface around the 
periphery of the two glass sheets. 
 
The Second stage was to place two Sn90In10 wires on the textured area and lower that 
glass sheet on to the bottom sheet. 
 
The third stage was to place the two glass sheets together, separated by the support 
pillars inside the oven and then use the heating regime in Fig.5.6.  
 
 
 
 
 
 
 
 
Figure 5.30: The three stage fabrication process for producing a fusion sealed vacuum 
glazing (sample ‘A5’). (1) Formation of a Sn-B2O3 mixture of ratio 62:38 by % weight 
and production of surface texture layer around the periphery of the surface of the two 
glass sheets. (2) Positioning two Sn90In10 wires on the textured area. (3) Heat the 
complete sample to 450˚C to form the seal. 
K glass 
Sn62B2O338 surface texture 
SnO2 coated side Support pillar 
Sn90In10 alloy wires Fusion Seal 
STAGE 1 STAGE 2 STAGE 3 
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5.4.5.2. Detailed Fabrication 
 
1) Two glass sheets of 300x300x4mm were prepared. A pump-out hole (4mm in 
diameter) was drilled in the upper glass sheet. The glass sheets were cleaned with water, 
isopropanol and acetone. 
 
2) The two glass sheets were bake-out in the oven at 120˚C for 30 minutes. 
 
3) A mixture of B2O3 crystals and Sn powder 38:62 ratio by % weight was used to form 
surface texture around the periphery (12mm width) of the two glass sheets. This was 
achieved by heating to 450˚C following the heating regime shown in the Fig. 5.6. 
 
4) A Sn90In10 wire (2mm in diameter) was positioned on the textured sealing area of 
the lower glass sheet. 
 
5) Stainless steel support pillars were positioned on the lower glass sheets positioned on 
a square array of pitch 24mm. The upper glass sheet was lowered on to the support 
pillars. 
 
6) Sample ‘A5’ was heated in an oven to 450˚C following the heating regime shown in 
Fig. 5.6 to join the two glass sheets. 
 
7) The sample was evacuated by placing it on a hot plate and heated to a maximum 
temperature of 50±5 ˚C, the evacuation and heating arrangement is shown in Fig. 5.31. 
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Figure 5.31: Experimental setup for the evacuation of sample ‘A5’ on the hot plate 
heated to 50±5 ˚C. 
 
8) During evacuation the pump-out hole was sealed with a glass square (which was 
previously ultrasonically solder coated with Cerasolzer CS186 alloy) using the cartridge 
heater mounted inside the vacuum cup. 
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Vacuum Pump 
Vacuum Cup 
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CHAPTER 5 
 
 
131 
5.5. Experimental Results and Discussions 
 
From the experiments undertaken and experience developed, the tin metal wettability 
and stability on the surface of glass are observed to be very complicated. If fabricating a 
vacuum glass sample using tin metal on its own, then the issues of seal reliability and 
the long term stability of the vacuum arises. Even the use of metal alloys such as 
indium-tin and/or bismuth-tin could not make a rigid air-tight seal between the two 
sheets of glass in itself. 
 
In this particular research work, one of the objective was to investigate the application 
of cost-effective metals such as tin and other lead-free high temperature sealing 
materials for the formation of an hermetic glass edge seal for vacuum glazing. It is well 
known that lead is a hazardous metal and its applications, according to the European 
Directive on the use of certain hazardous substances are restricted by the RoHS. This 
took effect in sustainable buildings on the 1st July 2006 (Shapiro, 2006) and 
(Shchegoleva, 2006). The second objective of this research was to investigate methods 
and techniques that could make ultrasonic soldering unnecessary for edge seal 
formation. Savings in manufacturing time, electricity and material quantities/costs 
should also be achieved, if possible. In comparing to previous work (by the group at the 
University of Ulster) where external pressure was required to form an indium seal, in 
these methods there was no need to apply an external pressure as the weight of the glass 
sheet was enough to press the Sn90In10 wire onto the surface texture. 
 
A number of samples were fabricated using different techniques and lead-free materials 
such as B2O3, Sn, Bi and/or Zn in combination with pure Sn solder wire or Sn90In10 
alloy. In this chapter only five samples are discussed in detail. Sample A5 was the most 
successful in achieving a hermetic fusion seal. This sample was evacuated and sealed; 
the stress patterns were clearly visible after pump-out sealing. In the following sub-
sections the performance of samples A1, A2, A3, A4 and A5 were experimentally 
analysed. 
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5.5.1. Sample A1 
 
The bond formation in sample ‘A1’ was based on a reaction between the boric oxide 
(B2O3) layer and the solid tin (Sn) soldered layer. This was believed (at that time) to 
produce an air-tight glass edge seal. The known challenge of matching the thermal 
expansion of Sn with the glass surface has already been discussed earlier in section 5.1. 
The behaviour of the B2O3 crystals changes when heated an oven. It was found that the 
temperature control and the heating environment influenced the quality of fusion seal.  
It can be seen from Fig. 5.32 that sample ‘A1’ is mostly oxidised in the 14mm wide 
edge area shown by colour change to a slightly blackened colour in some areas of the 
edge. Despite the limitations/weaknesses in sample ‘A1’, the sample was placed in the 
oven at 80˚C and evacuated whilst in the oven. 
 
Sample ‘A1’ achieved a vacuum pressure of 0.1 Pa during evacuation at 80˚C. Stress 
patterns across the pillars were observed during evacuation. After evacuation the level 
of vacuum pressure was initially maintained at 10 Pa and then increased to 100 Pa but 
not to atmospheric pressure (1.31kPa). This sample was re-evacuated three times and 
displayed similar evacuation performance, as illustrated in the Fig.5.33. This gave 
confidence that by improving this method a sample could achieve better evacuation 
pressure. At this stage, sample ‘A1’ was considered not sealed due to the insufficient 
level of vacuum pressure readings and the pump-out hole was not sealed.  
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Figure 5.32: Sample ‘A1’ fabricated using a B2O3 texture layer and ultrasonically 
soldered Sn wire on the edges of the two glass sheets.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.33: Typical temperature/pressure profiles for evacuation and heating of 
sample ‘A1’. 
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5.5.2. Sample A2 
 
Sample ‘A2’ was fabricated using Sn90In10 alloy instead of Sn wire with similar 
techniques and evacuation process as used in sample ‘A1’. Stress patterns were 
observed during evacuation and the pump-out hole was sealed with Cerasolzer-CS186 
alloy as shown in Fig. 5.34. Sample ‘A2’ pump-out vacuum pressure was lower than for 
sample ‘A1’ with a value of 0.095Pa achieved. Typical temperature and pressure 
profiles for evacuation and heating are shown in Fig.5.35. This sample gave a positive 
indication that using Sn90In10 metal alloy was an option. The soldering difficulties are 
less when compared to pure Sn. The concept of using Sn90In10 metal alloy and a B2O3 
layer was promising up to this point. The practice of ultrasonic soldering is still 
considered to be complicated due to the risk of oxidation and pin-hole formation during 
soldering on the textured surface.    
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.34: Sample ‘A2’ fabricated using a B2O3 layer and ultrasonically soldered 
Sn90In10 alloy wire on the edges of the two glass sheets.   
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Figure 5.35: Typical temperature/pressure profiles for evacuation and heating of 
sample ‘A2’. 
 
5.5.3. Sample A3 
 
Sample ‘A3’ was based on the improved techniques and method of making the glass 
edge seal discussed in the section 5.4.1 and 5.4.2. 
 
The soldering process gave an increased risk of leaving traces of oxides in the seal. 
Sample A3, shown in Fig. 5.36, was formed based on a simple ultrasonic-soldering free 
technique. The seal was formed from two B2O3 textured layers with a Sn90In10 alloy 
solder wire between. The pump-out hole was sealed using Cerasolzer-CS186 alloy. This 
technique was considered an effective method for producing a small size 
(150x150x4mm) sample. The stress patterns were observed during evacuation.  The 
vacuum pressure in the sample ‘A3’ was achieved 0.1Pa. Typical temperature and 
pressure profiles for evacuation and heating are shown in Fig.5.37. This sample 
provided positive indication that using a Sn90In10 metal alloy without ultrasonic 
soldering could form an effective seal. However in this sample the correct vacuum 
pressure was not achieved due to the level of outgassing. It was observed that the 
crystals of B2O3 and Sn90In10 metal alloy were incompatible. This technique was 
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repeated with the modification of making a thin textured layer of B2O3 on the Sn90In10 
metal alloy in sample A5, which was successful in fabricating a viable vacuum glazing. 
    
 
 
 
 
 
 
 
 
 
 
 
Figure 5.36: Sample ‘A3’ fabricated using a B2O3 textured layer and Sn90In10 alloy 
wire positioned on the edges of the two glass sheets without using ultrasonic soldering.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.37: Typical temperature/pressure profiles for evacuation and heating of 
sample ‘A3’. 
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5.5.4. Sample A4 
 
Sample ‘A4’, shown in Fig. 5.38, achieved a vacuum pressure down to 0.1 Pa during 
evacuation. It was observed that glass bending and expansion occurred due to the 
pressure difference of vacuum cavity and the atmosphere and the temperature 
distribution due to the hot plate surface temperature being increased to 150˚C. The edge 
seal area of sample ‘A4’ cracked and the vacuum pressure was lost. The 
temperature/pressure profiles for evacuation and heating of sample A4 are shown in   
Fig 5.39. This design could be re-considered in the future with slight modification in the 
formation of the B2O3 textured layer on the metal alloy. For example the formation of a 
continuous rigid glassy structure on the metal alloy could possibly be the solution to 
further develop this method of fabricating vacuum glazing. This technique was not 
taken forward but could be the basis for further research. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.38: Sample ‘A4’ fabricated using a thin textured layer of B2O3 on the 
Sn90In10 alloy wire positioned between the glass sheets and heated without using the 
ultrasonic soldering method.   
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Figure 5.39: Typical temperature/pressure profiles for evacuation and heating of 
sample ‘A4’. 
 
5.5.5. Sample A5 
 
The preceding experiments, designs and seal analysis provided confidence in achieving 
a hermetic glass edge seal around the periphery of glass sheets with a lead-free and 
ultrasonic-soldering free approach. Sample ‘A5’ was produced based on sample A3 and 
edge texturing of sample ‘CF’ where the powdered mixture of B2O3 and Sn formed a 
good rigid textured surface.   
 
The seal of sample A5 was based on the Sn90In10 alloy and the B2O338Sn62 textured 
surface. This sample was comparatively simple to fabricate and required less time for 
fabrication compared to other techniques where metal alloys are soldered around the 
edges of the glass surface. 
 
x 
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The technique was modified based on preceding sample fabrications.  The sample was 
heated during evacuation to not more than 80˚C. Soldering was not used other than for 
pump-out hole sealing. The pump-out hole of sample ‘A5’, as shown in Fig. 5.40, was 
successfully sealed with Cerasolzer-CS186 alloy. Stress patterns were seen during 
evacuation and after pump-out hole sealing. This sample achieved a vacuum pressure of 
8.2x10-4 Pa when the hot plate temperature was maintained at 50˚C to reduce stresses 
due to temperature gradients. Typical temperature and pressure profiles for evacuation 
and heating are shown in Fig.5.41. The sealing area of a separate smaller sample was 
deliberately fractured and the surface texture was found as thin layer of glass on the 
Sn90In10 alloy, shown in Fig 5.42. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.40: Fusion sealed vacuum glazing sample ‘A5’ and enlarged image of the 
sample. 
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Figure 5.41: Typical temperature/pressure profiles for evacuation and heating of 
sample ‘A5’. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.42: Optical micrograph image of the fusion seal structure illustrating the 
glassy surface texture (Sn62B2O338) formed on the Sn90In10 alloy wire. 
A thin glassy layer 
Sn90In10 alloy 
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5.6. Thermal Performance Predictions of Fusion Sealed Vacuum Glazing 
 
5.6.1. Finite Element Modelling Approach 
 
Using the same the same 3D FEM software (MSC.MARC), the heat transfer process 
was simulated and predicted the thermal performance of the fabricated fusion sealed 
vacuum glazing. Due to symmetry conditions, and to reduce the computational effort 
required, only one quarter (150x150mm) of the triple vacuum glazing dimensions of 
300x300mm was simulated. The formulated model was designed to represent the 
fabricated sample A5. The model was implemented using eight node isoparametric 
elements (type 43 in MSC Marc) using a total of 94036 elements and 113012 nodes to 
model one quarter of the fusion sealed vacuum glazing as shown in Fig. 5.43. The 
modelling approach was similar to as discussed in section 4.10.1. The parameters and 
material properties used in the modelling are listed in Table 5.2.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.43: Finite element mesh of a quarter (150x150mm) of the fusion sealed 
vacuum glazing. 
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Table 5.2: Parameters and material properties of the components used in the finite 
element modelling of fusion sealed vacuum glazing. 
  
Parameter Description Value/Type 
Vacuum Glazing dimensions Top glass sheet 
Bottom glass sheet 
300x300x4mm 
300x300x4mm 
Glass sheet Thermal conductivity 1 Wm-1K-1 (BS 6993, 1989) 
Emittance Two surfaces (Hard coating)  0.15/tin-oxide 
Fusion edge seal 
 
 
 
Thin glass layer assumption 
Material 
Width 
Thermal conductivity 
 
Assumed as the properties of 
glass(b) 
Sn90In10 
10mm 
62.8 Wm-1K-1(a) 
 
0.937Wm-1K-1  
Support Pillar Material 
Diameter 
Height 
Pillar separation 
Thermal Conductivity 
Stainless steel 304 
0.3mm 
0.15mm 
24mm 
16.2Wm-1K-1 (Eagle steel, 2013) 
(a)As the exact thermal properties of Sn90In10 are not available in the scientific literature. It was assumed 
that the properties of Sn90In10 were similar to the available datasheet of pure Sn from MetWeb 
www.metweb.com.  
(b) It was assumed that the thin glass layer has same properties as of the glass. The surface texture being 
made of the B2O338Sn62 alloy and after forming the homogeneous layer on Sn90In10 metal alloy it acted 
as a thin glass layer, as shown in Fig 5.42. 
 
For the simulations the indoor warm–side (Ti) and outdoor cold-side (To) internal and 
external surface air temperatures were set to be at 21.1˚C and -17.8˚C respectively in 
line with ASTM specified test conditions for glazings in winter conditions (ASTM, 
1991). The internal and external surface heat transfer coefficients were set to 8.3      
Wm-2K-1 and 30 Wm-2K-1 respectively (Fang et al, 2009).   The glass surface to surface 
thermal transmittance of the centre-of-pane and total glazing were calculated from 
equations 4.8 and 4.9 discussed in Chapter 4. 
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5.6.2. Predicted Thermal Performance Analysis 
 
This finite element modelling was based on the fabricated sample A5. The centre-of-
pane and total thermal transmittance of the modelled fusion sealed vacuum glazing 
dimensions of 300x300mm were predicted to be 1.039 Wm-2K-1 and 1.4038 Wm-2K-1. 
When compared to Zhao et al (2007) predictions, the centre-of-pane and window 
thermal transmittances were reported to be 1 and 1.19 Wm-2K-1. These reported values 
were based on an indium sealed vacuum glazing sample dimensions of 400x400mm 
with SnO2 coatings on the inner surface of two glass sheets with a pillar spacing of 
25mm. An increase of 0.039 and 0.21 Wm-2K-1 in the centre-of-pane and total thermal 
transmittances of the fusion sealed vacuum glazing was due to the use of a 10mm wide 
edge seal, closer pillar spacing of 24mm, and the smaller size of this sample. The wider 
layer of edge seal causes increased edge effects which results in higher thermal 
transmittance of the glazing. The total heat transfer can be reduced by reducing the edge 
seal width to 6mm. For example, a 6mm wide indium edge sealed vacuum glazing was 
predicted to have total and centre-of-pane thermal transmittance of 0.9 and 0.36 using 
soft low emittance coatings Griffiths et al (1998).  
 
The centre-of-pane and total thermal conductance of the modelled fusion sealed vacuum 
glazing were predicted to be 1.24 Wm-2K-1 and 1.79 Wm-2K-1. Collins and Simko 
(1998) predicted the centre-of-pane thermal conductance from 3 Wm-2K-1 (for vacuum 
glazing with no internal low emittance coating) to 0.8 Wm-2K-1 (for vacuum glazing 
with the two SnO2 internal low emittance coatings) for a 1x1m area of vacuum glazing 
with an approximate 10mm solder glass edge seal. Comparing it with the fusion sealed 
vacuum glazing, an increase in centre-of-pane thermal transmittance of 0.44 Wm-2.K-1 
occurred due to its smaller size (300x300mm).  
 
The heat transfer modelled includes the heat flux from the indoor (warm) side to the 
indoor glazing surface. Heat transfer by long wave radiation between the two inner 
glass surfaces within the vacuum gap. Heat transfer by conduction through the support 
pillars, the10mm wide layer of the edge seal and the glass. Heat flux from the outdoor 
(cold) surface of the glass to outdoor ambient air. Isotherms of the cold and warm side 
of the fusion sealed vacuum glazing are presented in Fig. 5.44, 5.45 and 5.46. The mean 
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glass surface temperature was 7.03˚C and -13.47˚C on the cold and warm sides of the 
total glazing area. 
  
The temperature variation due to heat conduction through the support pillars on the 
central glazing area was predicted to be 0.65˚C and 0.68˚C on the cold and hot sides of 
the glazing surfaces, as shown in Fig. 5.44. It can be seen that the temperature variations 
in the central glazing area on the cold side between the support pillar and the vacuum 
layer is smaller than on the warm side. The predictions made by Fang et al (2009) gave 
temperature variations of 0.35˚C and 0.37˚C through the support pillars in the central 
glazing area. Differences in predictions of heat transfer through the vacuum glazing 
were caused by a number of reasons. 1) The use of a 10mm wide layer of an edge seal, 
2) the smaller, 300x300mm, glazed area, 3) different thermal properties used for k-glass 
and stainless steel type 304 pillar whose thermal properties were obtained from the 
manufacturer’s datasheets and 4) insufficient mesh refinement in the region of the pillar. 
From Fig. 5.45 and 5.46 the influence of edge effects is greater than the influence of the 
edge effects reported by Fang et al (2007). Due to the use of a 10mm wide seal, the 
edge effects can be seen up to a distance of 72mm and 45mm from the edge on the 
warm and cold side surface of the vacuum glazing, respectively. The overall vacuum 
glazing thermal performance can be improved by reducing the width of edge seal to 
6mm. However, the fusion sealed vacuum glazing is based on a high temperature 
(450˚C) fabrication process, so there are restrictions in the use of soft-low emittance 
coatings, e.g. silver coatings, and tempered glass. 
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    (a)             (b) 
 
Figure 5.44: Predicted isotherms on the glass surfaces. (a) The cold (outdoor) surface showing an increase of temperature from the centre area 
to the edge area. (b)The warm (indoor) surface, showing a decrease of temperature from the centre area to the edge area of the simulated fusion 
sealed vacuum glazing using ASTM boundary conditions. 
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Figure 5.45: Predicted isotherms on the warm (indoor) side of the glass surface over a refined temperature to the temperature 
variations around the support pillars in the central area of the simulated fusion sealed vacuum glazing. 
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Figure 5.46: Predicted isotherms on the cold(outdoor) glass surface over a refined temperature range to show the temperature variations 
around the support pillars in the central area of the simulated fusion sealed vacuum glazing.
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5.7. Cost Analysis for the High Temperature Edge Sealing Materials 
Cost is a significant challenge in determining if vacuum glazing will be mass 
manufactured in the UK. The cost analysis presented here is for the sealing materials 
only and the cost analysis is based on the cost at the laboratory level. The cost analysis 
does not include VAT, the cost of packaging and shipping of materials. The cost of 
electricity consumed in the fabrication of vacuum glazing was also not included. The 
costs of the materials used are presented in the Table 5.3. 
 
Table 5.3: Details of the high temperature glass edge sealing materials cost and 
quantities supplying companies. 
 
 
 
 
 
 
 
 
 
Glass edge sealing 
material 
Description 
(Diameter/gr
ain size) 
Product code, 
Supplying Company, 
year 
Cost in GBP 
 per grams  
Melting 
temperature 
Tin (Sn) metal wire 1mm  SN552916, Advent 
Research for 
materials UK, 2013 
£0.352 at the order 
quantity of 50 m. 
231.93°C 
Tin (Sn) powder  more than 
325 mesh 
10125330, Fisher 
Scientific UK, 2013 
£0.15 at the order 
quantity of 100 
grams 
231.93°C  
Tin90Indium10 
(Sn90In10) alloy 
wire 
2mm Gz litop ltd China, 
2013 
73.26/Kg (2013) 211°C 
Boric Oxide (B2O3) more than 40 
mesh 
1011-5220, 
Fisher Scientific UK, 
2013 
£0.0733 at the order 
quantity of 1 kg 
450°C 
Cerasolzer CS-186 1.6mm CS-186-150, MBR 
Electronics 
Switzerland, 2013 
£0.892 at the order 
quantity of 150 
grams 
186°C 
J-B Weld adhesive hardener and 
steel paste 
J-B Weld £0.061 at the order 
quantity of 75 
grams, one pack. 
- 
 
Solder glass 
Schott type 
 G017-052 
400 mesh G017-052, Schott 
Glass UK, 2011 
£0.3808 at the order 
quantity of 3 kg. 
308-410°C 
Solder glass 
Schott type 8467 
400 mesh 8467, Schott Glass 
UK, 2013 
£0.6753 at the order 
quantity of 1 kg 
420-490°C 
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The sealing materials cost was dependent on the supplying company’s location, quantity 
required and purity of products supplied. A further important factor to consider is the 
wide variation in market prices of semi-precious metals. This analysis is based only on 
the laboratory based experiments and materials cost. At the mass manufacturing level 
the cost of the materials will be reduced significantly and will depend on the metal stock 
exchange rate. It was not possible to get price quotes at larger quantity of materials for 
mass production as the designed fusion sealing materials are new.  
 
 
The high temperature fusion glass edge seals were compared with high temperature 
solder glass edge sealing material. The solder glass materials are available from the 
Schott glass company. The solder glass based sample costs based are on the assumption 
that the quantity required for sealing would be similar to the fusion sealing method. This 
assumption was based on experiments with samples using powdered metals.  
 
Two types of solder glasses were analysed both containing a percentage of lead, as 
described in the Table 5.3. It was reported by Garrisons and Collins (1995) that the cost 
of solder glass sealing contributes a small part to the cost of vacuum glazing. 
Furthermore, with the two low-e glass sheets the cost of the vacuum glazing was 
reported to be US $40±7 per m2 at the manufacturing level in 1995. 
 
To date, solder glass sealed vacuum glazings are fabricated in Japan by Nippon Sheet 
Glass Company under a trade name of SPACIA. The cost per m2 in US $150 is 
dependent on the size/shape and quantity of the product (costings courtesy of 
McSporren, 2013). It is clearly apparent the increased cost from 1995 to 2013 is more 
than three-fold. It must be noted that the net profit margin in the prices of materials by 
supplying companies is not considered. The details of the glass edge sealing materials 
melting temperatures including the cost per grams are presented in Table 5.3. 
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Table. 5.4: The measured and predicted costs of the glass edge sealing materials used for the fabrication of high temperature vacuum glazing 
units.  
 
Sample Area 
(mm) 
Materials quantity (grams) Total cost of 
materials in 
GBP 
Measured 
cost in GBP 
per m2 
Predicted 
cost in 
GBP per 
m2   
Sn 
(Powder) 
B2O3 
(powder) 
 
Sn 
metal 
wire 
Sn90In10 
alloy wire 
Solder 
glass 
G017-052 
Solder 
glass 
8467 
Diemat 
sealing glass 
paste 
Pump-out hole Seal 
Cerasolzer 
alloy CS186 
J-B Weld 
Sample A1 
 
150x150 - 0.73 13.88 - - - - - - 4.9 32.67 - 
Sample A2 
 
150x150 - 1.16 - 21.95 - - - 0.6 0.22 2.19 11.48 - 
Sample A3 
 
150x150 - 0.727 - 13.81 - - - 0.6 0.22 1.58 7.42 - 
Sample A4 
 
170x170 - 0.824 - 15.66 - - - 0.6 0.22 1.72 7.42 - 
Sample A5 
 
300x300 1.22 0.75 - 37.26 - - - 0.85 0.42 3.72 10.56  
(Whole 
glazing= 
£38.45) 
- 
Predicted 
sample A61 
300x300 - - - - 40 - - 0.85 0.42 16.02 - 54.19 
Predicted 
sample A71 
300x300 - - - - - 40 - 0.85 0.42 27.80 - 90.83 
1 These samples were not fabricated in the laboratory, here predicting the amount of material consumed based on the fabricated samples. 
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The measured and predicted costs for the edge sealing materials used are presented in 
Table. 5.4. It was calculated that the tin based fusion seal costs £4.90 for the 
150x150mm sample. This cost is partly due to the small quantity purchased from the 
supplier Advent.  The cost of sealing materials, including the pump-out hole sealing, 
used in sample A2 ( area of 150x150mm), A3 (area of 150x150mm) and A4 (area of 
170x170mm) was £2.19, £1.58 and £1.72 respectively. This was considered to be cost 
effective as discussed in the previous sections. However, these samples were not 
successful in maintaining the required level of vacuum. 
 
The cost of sample A5 dimensions of 300x300mm was calculated to be £3.72 and 
£10.56 per m2; pump-out hole sealing was included. Comparing to the predicted solder 
glass based sample A6 and A7 the fusion sealed vacuum glazing reduces the cost to 
75.8% (£43.63) and 86.84% (£80.27) respectively. The quantity of the solder glass 
sealing material predicted to be used was 40 grams. This was based on the 10mm width 
of the edge seal and the quantity used/consumed, as discussed by Collins and Robinson 
(1998). It is well known that laboratory based costs of sample fabrication are generally 
much higher than the cost at the manufacturing level. However, the fusion sealed 
vacuum glazing under these conditions is seemed to be the most low cost solution for 
mass production of vacuum glazing in the UK. 
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5.8. Summary 
A lead-free, ultrasonic soldering free fusion seal was developed which should be cost-
effective in large scale manufacture. The formation process and experimental sealing 
property tests of 15 samples were presented. The bonding properties were analysed 
using scanning electron microscopy and optical microscopy to determine the correct 
mixture of tin and boric oxide metal powder for the formation of an effective textured 
surface. The textured surface formed on the tin-oxide surface of k-glass at a temperature 
of 450˚C, in which a layer of solid metallic wire of Sn or Sn90In10 was placed in 
between the surface texture regions on the glass sheet formed a fusion seal. Five 
vacuum glass samples of various designs and techniques were discussed with the 
fabrication process and methods applied. The fusion sealed vacuum glazing (sample 
A5-300x300mm area) was the most successful design and fabrication method. Typical 
temperature/pressure graphs were recorded during evacuation and heating of the five 
sample. Sample A5 achieved a vacuum pressure of 8.2x10-4 Pa. The level of stress 
patterns could clearly be seen during evacuation and after pump-out hole sealing.  
 
The thermal performance of the fusion sealed vacuum glazing (Sample A5) was 
predicted with a finite element model of the fabricated sample using commercial 
modeling software MSC MARC. The centre-of-pane and total thermal transmittance of 
the modelled fusion sealed vacuum glazing area of 300x300mm were predicted to be 
1.039 Wm-2K-1 and 1.4038 Wm-2K-1.  The centre-of-pane and total thermal conductance 
were predicted to be 1.24 Wm-2K-1 and 1.79 Wm-2K-1 respectively. The isotherms on the 
cold and warm side of the fusion sealed vacuum glazing shows mean glass surface 
temperature of 7.03˚C and -13.47˚C on the cold and warm sides of the total glazing 
area. The temperature variation due to heat conduction through the support pillars on the 
central glazing area is predicted to be 0.65 ˚C and 0.68˚C on the cold and hot side of the 
glazing surfaces. These are mesh dependent results in which the number of nodes in a 
pillar can be increased. It was observed that the influence of edge effects is more in a 
small size vacuum glazing than in a larger vacuum glazing which was also mentioned in 
Fang et al (2007). Due to the use of a 10mm wide fusion seal, the edge effects can be 
seen to extend to a distance of up to 72mm and 45mm from the edge on the warm and 
cold side surfaces. 
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The cost of the edge sealing materials for the fabrication of fusion sealed vacuum 
glazing (sample A5) at the laboratory scale was calculated to be £3.72 for the area of 
300x300mm and £10.56 per m2, the cost of pump-out hole sealing is included. 
Comparing this to the predicted solder glass based samples A6 and A7 the fusion sealed 
vacuum glazing reduces the cost to 75.8% and 86.84% respectively. Overall, it can be 
seen that the fusion sealed vacuum glazing is the most cost-effective solution for the 
mass production of vacuum glazing in the UK.  
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Chapter 6 
 
 
ANALYSING THE POTENTIAL OF RETROFITTING TRIPLE VACUUM GLAZED 
WINDOWS TO A SOLID WALL DWELLING BY INVESTIGATING  
SPACE-HEATING, HEAT LOSS, SOLAR GAIN AND 
WINDOW-TO-WALL AREA RATIOS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter presents the predictions of heat load and solar gain for solid wall dwellings 
retrofitted with single, double glazed air filled, double glazed argon gas filled, triple glazed air 
filled and triple vacuum glazed windows. The space-heating and solar energy gains during the 
winter months are analysed. The effects of changing window-to-wall area ratios on the winter 
month’s space-heating and solar energy gains are analysed.  Annual and winter month’s 
space-heating energy cost and savings are predicted.  The space-heating energy requirement, 
internal heat gains and solar gains are compared to the calculations of the steady state heat 
losses from the envelope of a house having solid walls and externally insulated solid walls and 
analysed with heat flow diagrams. 
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6.1. Introduction 
 
Much of the UK housing stock built in the 19th and early 20th century has solid walls 
and is considered as hard-to-treat with regard to the heat loss through the fabric (Jelle et 
al, 2012). There are 25 million dwellings in the current UK domestic stock, some 8.1 
million (34%) can be considered to be solid wall dwellings and are responsible for 
about 50% (Boardman et al, 2005) of total UK domestic sector carbon emissions of 
which space and water heating are the major contributors (Banfill et al, 2011) (Loveday 
et al, 2011). A number of recent projects have proposed different solutions for the 
refurbishment of solid wall dwellings. The study conducted by the Energy Saving Trust 
(2006) (Peacock et al, 2007) and the Tarbase project (Technology for carbon reduction 
in existing buildings) have investigated the refurbishment of UK solid-walled houses by 
analysing the potential CO2 savings for a range of building variants (Jenkins, 2008) & 
(Jenkins, 2010). The energy saving measures and behaviours both by modelling and 
actual energy use, in eight local exemplars, in the West Bridgford (Nottingham) area 
were investigated in the HOBBs (Homes Behaving Badly) reports (Holt and Schalom, 
2012). The BRE’s Victorian terrace retrofit project (Birch, 2010) and a project for 
retrofitting of a conservation terrace area (Moorhouse and Littlewood, 2012) 
investigated a number of different retrofitting measures designed to improve the fabric 
and window performance. In all these projects double glazed air filled, triple glazed air 
filled and hybrid glazed windows with sputtered low emittance coatings were suggested 
as possible retrofit solutions for the window element of the envelope. These windows 
have potential to reduce the thermal transmittance value down to approximately 1.8 
Wm-2K-1. The project CALEBRE (Consumer Appealing Low Energy Technologies for 
Building Retrofitting) (Vadodaria et al, 2010) investigated a number of advanced 
retrofit solutions including the development of ultra-low heat loss triple vacuum 
glazing. This glazing has the potential to reduce the heat loss from windows to 
approximately the same level as that through standard external cavity walls. Triple 
vacuum glazing can achieve centre-of-pane thermal transmittance of less than 0.5 Wm-
2K-1 and total window thermal transmittance of less than 1 Wm-2K-1 which can 
contribute to a reduction of space heating load and maintain solar heat gains.  
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The building design and its location play an important role with regard to the daylight, 
natural ventilation, solar gains, space-heating and electric lighting. In which an internal 
space of building within a maximum distance from the external solid walls having 
windows receives the advantages of daylight, natural ventilation and useful solar gains 
in the winter months but also the disadvantages of heat loss through the envelope and 
solar gains in summer. An internal space away from the external solid walls is mostly 
depending on the mechanical ventilation and electric lighting but do not suffer from 
undesirable solar gains or fabric heat loss. To choose the optimum window-to-wall area 
ratio by recognising the parameters of electric lighting and shading devices on cooling 
loads are reported elsewhere (Baker and Steemers, 1996). Day lighting can sometimes 
bring conflicts with visual and thermal comfort requirements due to overcast sky 
conditions, orientations, and lacks consideration for illuminance task values (Ochoa et 
al, 2012). The details of daylight metrics and energy savings are reported elsewhere 
(Mardaljevic, Heschong, 2009).  
 
The research performed in this chapter has analysed the potential energy and cost 
savings achievable by retrofitting different glazing systems to an external solid wall 
insulated detached house. The predicted performance of triple vacuum glazed windows 
has been compared to a range of different window types; single, double glazed air filled, 
double glazed argon gas filled and triple glazed air filled windows. The effect of 
changing window-to-wall area ratio, from 5% to 59%, on the heat supplied and solar 
energy gain were analysed. The space-heating energy requirement, internal heat gains 
and solar gains are compared to calculations of the steady state heat losses of the 
envelope having solid walls with and without external wall insulation and are analysed 
by drawing heat flow diagrams.  
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6.2. Methodology 
 
A solid wall (un-insulated and externally insulated) detached house was modelled using 
IES VE (Integrated Environmental Solutions VE) dynamic thermal modelling software 
(IES, 2012) to predict the space heating energy requirements and solar energy gains for 
different glazing types and different window-to-wall area ratios. The window types 
included in the simulations were single, double glazed air filled, double glazed argon 
gas filled, triple glazed air filled and triple vacuum glazed.  Predictions were made for 
the annual performance and the winter months (Dec, Jan and Feb) performance and are 
discussed. Detailed analysis is presented for the winter months due to the maximum 
heating energy requirement occurring in the winter months for buildings in the UK. 
 
In building design, careful consideration of solar gain is essential since solar gain can 
lead to large variations in heating and cooling loads over the year. The effect of 
changing window-to-wall area ratio was analysed because lower heat loss glazings 
allow an increase in window size for a given rate of heat loss, while also enabling an 
increase in both solar energy gain and natural day lighting. Details of the simulation 
approach adopted are summarised in the block diagram presented in Fig. 6.1.  
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Figure 6.1: An overview of the simulation approach employed for space heating and 
solar energy gain analysis of the un-insulated and externally insulated solid wall house 
retrofitted with different glazing systems.  
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6.2.1. Simulated Building Design and Construction 
 
The building design is based on the likely construction of a 20th century solid wall 
dwelling. The detached solid wall house was considered to be located in the Heathrow 
area of London, UK. For the simulations the occupancy of the house was considered to 
be a family of three adults and one child. Schematic diagrams of the ground floor, first 
floor, and an axonometric view are presented in Figs. 6.2a, 6.2b and 6.2c. 
 
                                   (a)                                                           (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
 
 
                                    (c)                                                          (d) 
 
Figure 6.2: (a) Plan diagram of the ground floor (b) Plan diagram of the first floor (c) 
Axonometric view of the modelled building (d) a three dimensional textured image to 
give indicative external appearance of the modelled dwelling. 
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Internal space partitions were created by dividing the house into separate zones 
corresponding to the dimensions of the lounge, dining room, kitchen/family room, 
bedrooms, utility room, boiler space, toilets and bathroom corresponding to the details 
presented in the Table 6.1. The internal space areas and numbers and size of windows 
and doors were estimated based on literature (Guillery et al, 2004), (Lofthouse, 2012) 
and (London Development Agency, 2009). To emphasize the prominence of heat loss 
through windows only instead of the exterior glazed doors, all doors were assumed to be 
unglazed in the design construction criteria. The front façade was assumed to be south 
facing. Fig. 6.2d illustrates the indicative external appearance of the modelled house. 
The total floor area of the modelled house was 133.62m2 and the typical floor to ceiling 
height was 2.5m. 
 
Table 6.1: Dimensions of the rooms in the modelled house.  
Internal Space Floor Area 
in m2 
Number and area of 
windows 
Number of doors/ surface 
areas 
Lounge  21.48 One- 0.915x1.05m=0.96m2 Two- (i)0.838x1.1981m=1.66m2 
(ii)1.22x2.032m=2.48m2 
Dining Room 11.21 One- 0.915x1.05m=0.96m2 One- 0.838x1.1981m=1.66m2 
Entrance & Staircase 15.02 No Window One- 0.863x2.083m=1.79m2 
Kitchen/Family Room 17.47 One- 0.915x1.05m=0.96m2 Two- (i)0.838x1.1981m=1.66m2 
(ii)1.22x2.032m=2.48m2 
Utility 2.22 No Window Two- (i)0.838x1.1981m=1.66m2 
(ii)0.838x1.1981m=1.66m2 
Toilet 2.66 One-0.6x0.4m=0.24m2 One- 0.838x1.1981m=1.66m2 
Bedroom 1 (Ensuite) 
Wall Area=8.33m2 
11.69 One-0.915x1.05m=0.96m2 One- 0.838x1.1981m=1.66m2 
Toilet-Bedroom 1 3.76 One- 0.62x1.05m=0.651m2 One- 0.838x1.1981m=1.66m2 
Bedroom 2 10.13 One- 0.915x1.05m=0.96m2 One- 0.838x1.1981m=1.66m2 
Bedroom 3 9.13 One- 0.915x1.05m=0.96m2 One- 0.838x1.1981m=1.66m2 
Bedroom 4 11.24 One- 0.915x1.05m=0.96m2 One- 0.838x1.1981m=1.66m2 
Bath 3.62 One-0.915x1.05m=0.96m2 One-0.838x1.1981m=1.66m2 
Boiler 1.17 No Window One-0.838x1.1981m=1.66m2 
External wall area= 169.25 m2 
Roof area=71.9m2 
Ground floor area=205.52m2 
Total volume of the model= 402.33m2 
 
The solid wall detached house modelled was constructed using brick thick bond wall 
(Smeaton, 1837). A certain element of refurbishment was incorporated in the modelled 
building including loft insulation to 1995 building standards, details of the construction 
and the thermal properties for the modelled building are presented in Table 6.2.  The 
elemental U values of each element was simulated according to the method in the 
(CIBSE Guide A, 2006) and comply with the BS EN ISO 6946 (2007) standard.  
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Table 6.2: The constructional details of the modelled solid wall dwelling with the 
calculated thermal transmittances (U) and thermal resistance (R) values. 
 
 Construction Details  U value 
Wm-2K-1 
R value 
m2.K/W 
Un-insulated 
Solid Wall 
Brickwork-outer leaf (0.225m thick with k value of 0.84 Wm-
1K-1and gypsum plastering (0.015m thick with k value of 0.42 
Wm-1K-1).  
2.12 0.30 
Externally 
Insulated Solid  
Wall 
External rendering with silicone finish (0.01m thick in total 
with k value of 0.556 Wm-1K-1), phenolic foam (0.03m thick 
with k value of 0.021 Wm-1K-1), Brickwork-outer leaf (0.225m 
thick with k value of 0.84 Wm-1K-1and gypsum plastering 
(0.015m thick with k value of 0.42 Wm-1K-1).  
 
0.52 1.75 
Internal Ceiling 
/Floors 
Wood planks  0.022m thick, un-insulated cavity of  0.24m , 
and gypsum/plaster board 0.012m thick   
 
1.51 0.43 
Internal 
Partitions 
Single-leaf brick thick plastered on both sides (0.013m gypsum 
plastering, 0.115m thick brickwork and 0.013m gypsum 
plastering)   
 
1.97 0.25 
Roofs Sloping roof including loft-insulated to 1995 building 
regulations (0.02m thick clay tile, 0.01m cavity, 0.005m 
roofing felt, 0.8m cavity, 0.15m glass-fibre quilt and 0.013m 
gypsum plasterboard.   
 
0.23 4.15 
Ground 
contact/Expose
d floors 
Un-insulated suspended timber floor (0.75m thick London 
clay, 0.25m thick brickwork, 0.2m cavity, 0.025m thick 
chipboard and 0.01m synthetic carpet)  
 
0.63 0.85 
Doors Solid hardwood door-normally hung (0.042m Oak-radial)  2.56 0.22 
    
 
6.2.2. Simulation Method 
 
A standard comfort temperature of between 17°C and 19°C for the winter season is 
recommended in the CIBSE Guide-A (2006). For the simulations the inside heating set-
point temperature of all of the rooms were set to 19°C. The ASHRAE design weather 
database v4.0 (IES-ASHRAE, 2012) was used to provide outdoor weather conditions 
using a location of London/Heathrow using the example year 1979-1980 weather data.  
Within ApacheSim, the conduction, convection and radiation heat transfer processes for 
each element of the dwelling fabric were individually modelled and integrated with 
models of room heat gains and air exchanges (IES-ApacheSim, 2012).  
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Conduction in the building fabric elements (wall, roof, ceiling, and floor) was assumed 
to be one-dimensional and a finite difference approach was used for the solution of the 
simple heat diffusion equation which can be represented in a spatially-discretised form 
as shown in Equ. 6.1.  
 
𝑇𝑛−1−2𝑇𝑛+𝑇𝑛+1
𝛿𝑛
2 = −(𝜌𝑐𝑝𝑘 )𝜕𝑇/𝜕𝑡  (IES-ApacheSim, 2012)      (6.1) 
 
The thermo-physical properties such as the thermal conductivity k (Wm-2K-1), the 
density ρ (kg/m3) and the specific heat capacity cp (Jkg-1K-1) of each element were 
assumed to be uniform within each layer. Tn is the temperature (°C) at node n and δn is 
the local node spacing (m). 
  
For determination of the solar radiation incident on the dwelling surfaces, the variation 
of direct solar radiation perpendicular to the plane and the diffuse solar radiation 
horizontal to the plane with solar altitude and azimuth angles were used with actual 
weather data for year 1979-1980 and the location London/Heathrow (IES-ASHRAE, 
2012). Both shading and solar radiation incident on the glazing, transmitted to the 
interior of the house were modelled using the Suncast shading data analysis tool (IES, 
2012). For the building simulations a time step setting of 1 minute with a reporting 
interval of 60 minutes and a preconditioning period of 10 days were used in the apache 
thermal simulation calculations. 
 
6.2.2.1. Calculation of Window U values 
 
There are two types of thermal transmittance values for windows provided in the IES 
VE thermal modelling glazing construction database i.e. with the inclusion of the effects 
of the frame (Window net U value) and the centre-of-pane U value calculated using 
either CIBSE or EN-ISO standards. The modelled design details including the centre-
of-pane U value for single, double glazed air filled, double glazed argon gas filled, triple 
glazed air filled and triple vacuum glazed windows are presented in Table 6.3.  
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Table 6.3: Glazed window design details 
Window type Thickness  
Type of coatings 
(Emissivity) 
Cavity Thermal 
Resistance  
Centre-of- pane U 
values 
Wm-2K-1  
Single  4mm= 1x4mm(glass)  
No coating 
(0.89) 
_ 5.75 (EN-ISO) 
(CIBSE, 2006) 
Double glazed 
Air-filled  
20mm= 
2x4mm(glass) 
1x12mm(cavity) 
Two Tin Oxide 
(0.15-0.18) 
0.173 m2K/W 2.85 (EN-ISO) 
(CIBSE, 2006) 
 
Double glazed 
Argon gas filled  
20mm= 
2x4mm(glass) 
1x12mm(cavity) 
Two Tin Oxide 
(0.15-0.18) 
0.196 m2K/W 
(Argon Gas) 
2.67 (EN-ISO) 
(CIBSE, 2006) 
(BS 673, 1998)  
Triple glazed 
Air-filled 
20mm=36mm 
3x4mm(glass)- 
2x12mm(cavity) 
Three Tin Oxide 
(0.15-0.18) 
0.173 m2K/W 1.89 (EN-ISO) 
(CIBSE, 2006) 
Triple Vacuum 
Glazed 
12.26mm= 
3x4mm(glass)-
2x0.13mm(cavity) 
Three Tin Oxide 
(0.15-0.18) 
1.04 m2K/W 
 
0.44*  
Frame material = PVC 
Frame U value = 1.9873 Wm-2K-1(IES, 2012) 
Visible light normal transmittance is kept constant = 0.74 (IES, 2012) 
G-value= 0.76 (IES, 2012) 
Inside and outside surface emissivity = 0.9/0.9(IES, 2012) 
*The thermal transmittance value of the triple vacuum glazing was based on the predictions of (Arya,2012) 
 
A centre-of-pane thermal transmittance (Ug) value for a single glazing can be calculated 
using Equ 6.2. For multiple glass layers, for example double glazed air filled, double 
glazed argon gas filled, triple glazed air filled, and triple vacuum glazing the Ug value 
can be calculated using Equ. 6.3.  
 Ug = 1
R𝑠𝑒 + d𝑘 + R𝑠𝑖                                            (BS 10077-2, 2003)   (6.2) 
 Ug = 1
R𝑠𝑒 +∑ 𝑑𝑗k 𝑗𝑗 + ∑ 𝑅𝑠,𝑗𝑗  +R𝑠𝑖                                                             (BS 10077 − 2, 2003) (6.3) 
k is thermal conductivity of the glass with a constant value 1.0 Wm-1K-1 (BS 6993, 
1989) used, d is the thickness of the glass pane i.e. 0.004m which is common to all 
window types modelled and Rs,j is the space thermal resistance, given in Table 6.3, of 
cavity/cavities (A cavity can be filled with air or argon or can be under vacuum). The 
screenshots of the triple vacuum glazed windows, created in the construction tool of 
Building Template Manager in the IES VE software, are included in Appendix-1. For 
the interior surface thermal resistance (Rsi) a fixed value of 0.13 m2KW-1 (for the 
convective heat transfer coefficient (hci) specified by BS En ISO 6946 (2007) of 25 
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Wm-2K-1) was used for the horizontal heat flow to the interior surfaces (CIBSE, 2006), 
can be calculated using Equ. 6.4. 
  
𝑅𝑠𝑖 = 16 5� 𝐸ℎ𝑟 + ℎ𝑐𝑖                                                                                                                 (6.4) 
 
For the exterior surface thermal resistance (Rse) a fixed value of 0.04 m2KW-1 was used. 
This can be calculated by using Equ 6.5. An external forced convection heat transfer 
coefficient (hce) can be calculated, if knowing the wind speed (v), from McAdams’ 
empirical Equs.6.6 and 6.7 (IES-ApacheSim, 2012) and (CIBSE, 2006). hce depends on 
the temperature difference between the surface and the air, the surface roughness, the air 
velocity and the direction of heat flow (BS 10077-1, 2006). 
𝑅𝑠𝑒 = 1𝐸ℎ𝑟 + ℎ𝑐𝑒                                                                                                                       (6.5) 
 
hce= 5.7+3.8v     (v<4.88 m/s)         (6.6) 
 
hce=7.2v0.78        (v≥4.88 m/s)          (6.7) 
 
In Equ. 6.4 and 6.5 the emissivity factor E=Kε , the value of K depends on the room 
geometry and the emissivity ε of the glass surface. In this case when calculating Rsi and 
Rse, K is taken to be 1 and ε is 0.9. hr is the linearised radiative heat transfer coefficient 
that depends on the view factor, temperature and emissivities of both the radiating 
surface and the secondary surface or environment which is given by hr =εhro=ε4σTm3. 
Tm is the mean thermodynamic temperature of the surface and its surrounding, in 
Kelvin. hro is the radiative heat transfer coefficient of a black body surface which can be 
evaluated at 20°C for Rsi and 10°C for Rse. hce is the convective heat transfer coefficient 
that depends on the temperature difference between the surface and the air, the surface 
roughness, the air velocity and the direction of heat flow (CIBSE,2006), (BS EN ISO 
6946, 2007), (IES-ApacheSim, 2012) and (BS 673, 1998).  
 
The frame U value (Uf) can be calculated using Equ. 6.8.   
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Uf = 1
𝑅𝑠𝑖
𝐴𝑓,𝑖
𝐴𝑓,𝑑𝑖+𝑅𝑓+ 𝑅𝑠𝑒 𝐴𝑓,𝑒𝐴𝑓,𝑑𝑒                                                            (BS 10077-1, 2006)    (6.8) 
 
The areas of windows are illustrated in the Fig. 6.3. Af,i is the internal projected frame 
area in m2 including sashes if present on a plane parallel to the glass surface (BS 10077-
1, 2006). Af,e is the external projected frame area in m2. Af is the frame area of the larger 
of the two projected areas seen from both sides in m2. Af,di is the internal frame area that 
includes sashes if present in contact with the internal air in m2 which is equal to the 
addition of A1, A2 and A3 areas.  Af,de is the external frame area in m2 which is equal to 
the addition of A5, A6 and A7. Aw is the window area in m2 which is equal to the 
addition of Af and Ag, these are illustrated in Fig. 6.3. Rsi and Rse are the appropriate 
internal and external surface thermal resistance of the frame section in m2.K/W and the 
values are taken to be constant and calculated using Equ. 6.6 and 6.7. Rf is the thermal 
resistance of the frame section i.e. 0.33 m2.K/W (IES-Construction database, 2012) for a 
frame width of 0.09m constructed from PVC. In the IES VE construction data input 
section, the default value of one was used for the outside surface area ratio ( 𝐴𝑓,𝑒
𝐴𝑓,𝑑𝑒) and 
the inside surface area ratio (
𝐴𝑓,𝑖
𝐴𝑓,𝑑𝑖).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: Illustration of various window areas. 1=Sash (moveable), 2= Frame 
(Fixed), a= internal and b=external.       (BS 10077-1, 2006) 
Internal 
External 
Frame 
(fixed) 
Sash 
(moveable) 
Glazing 
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The net U-value (including the effect of the frame) is calculated from Equ. 6.9 by taking 
an average of the En-ISO centre-of-pane and frame U-values weighted according to 
their percentage contribution to the area of the window (BS 10077-2, 2003). 
 
𝑈𝑤 = 𝑈𝑓(𝐴𝑓𝐴𝑤) + 𝑈𝑔(𝐴𝑔𝐴𝑤)                                                                                                         (6.9) 
 
Where frame U value Uf calculated as 2.07 Wm-2K-1 is considered constant in the 
simulation of all glazing types, Ug is the centre-of-pane U value in Wm-2K-1 and takes 
different values for different types of glazings as detailed in Table 6.3. Aw is the window 
area in m2, (𝐴𝑓
𝐴𝑤
) is the frame area ratio and (Ag
Aw
) is the glass area ratio.  
 
Three different sizes of windows, detailed in Table 6.1, were used in the model of the 
solid wall detached house with frame areas comprising 26.91%, 31.62% and 42.85% of 
the total window area. The calculated Uw values are presented in Fig. 6.4. It can be seen 
from the Fig. 6.4 an increase in the frame percentage of the total window area decreases 
the value of Uw for single, double glazed air filled and double glazed argon filled 
windows. This is because of the frame Uf value is smaller than that of Ug. Increasing the 
frame percentage area of the total window, in the case of triple glazed air filled glazing, 
the Uw values calculated were nearly the same because the values of Uf and Ug are 
similar as specified in Table 6.3. In the case of triple vacuum glazed windows, 
increasing the frame area percentage area decreases the Uw values because Ug is much 
smaller than Uf . Fig. 6.5 illustrates the simulated Uw values for different total window 
area to total exterior wall space area ratios (WWR) that have different percentages of 
frame area.   
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Figure 6.4: Calculated net window U values including the effects of frame of the solid 
wall house model with single, double glazed air filled, double glazed argon gas filled, 
triple glazed air filled and triple vacuum glazed windows representing the 3 window 
sizes.  
 
Figure 6.5: Calculated net window U values including the effect of frame area and 
glazing area against different total window area to total exterior wall space area ratios 
(WWR’s) of a single room (Bedroom 1) in the solid wall house modelled with single, 
double glazed air filled, double glazed argon gas filled, triple glazed air filled and triple 
vacuum glazed windows.  
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6.2.2.2. Occupancy and Imposed Heating Regime. 
 
The behaviour, habits and actions performed by the occupant in a domestic dwelling are 
influenced by cultural, social and physiological driving forces (Papakostas and 
Sotiropoulos, 1997) and are likely to be different within each house. Increasing the 
number of occupants within a building could lead to an increase in energy use for space 
heating if heat is required to increase the temperature in an occupied zone to achieve 
thermal comfort temperatures, however a larger number of occupants in a building will 
also increase the casual internal heat gains that results from their activities, this will 
offset some of the space heating energy requirements. In the simulations a water based 
central heating radiator using LTHW (Low Temperature Hot Water) with a gas fired 
boiler supplying water at 60˚C was selected. The occupancy profiles were created 
based on likely daily (Monday to Friday), weekend and holiday occupancies. These 
profiles were then used to generate a yearly occupancy profile. It was assumed that the 
house was occupied by four people (3 adults and a child) from 6pm to 8am, by one 
person from 8am to 3pm and by two people from 3pm to 6pm from Monday to Friday. 
During the weekend, the house was assumed to be occupied by four people from 6pm to 
9am and during holiday periods the house was scheduled to be un-occupied. When the 
inside air temperature falls below 19°C the heating system in the simulation was turned 
on, this was incorporated in to the settings along with the occupancy profile.  
 
6.2.2.3. Natural Ventilation 
 
For these simulations, infiltration was considered to be the air exchange mechanism and 
was determined based on the occupancy profile. The air exchange rates used depend on 
the volume of the rooms, design of the walls and occupant activities. The CIBSE Guide 
A- Table 4.21 (CIBSE, 2006) provides a peak empirical value for air infiltration into a 
room in a two storey dwelling, with an air permeability of 10 m3h-1m-2 at a reference 
pressure of 50Pa based on Part L of the 2002 building regulations (2012), to be 0.5 ach 
and the minimum air infiltration rate recommended is 0.35 ach (Mudarri, 2012), these 
values comply with the ASHRAE Standard 62 (1989). For these simulations, the air 
infiltration rate was set to be 0.5 ach (BRE, 2005) due to infiltration in dwellings with 
solid brick walls being higher than that of standard cavity walls. Natural ventilation 
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results due to windows being opened by building occupants (BS 13779, 2007). The 
profiles used for natural ventilation were created based on the condition that if the 
inside air temperature exceeds 24°C and the building is occupied then the windows are 
open. A typical value of 5ach was used when modelling natural ventilation due to 
windows being opened (CIBSE, 2012) (CIBSE, 1997).  
 
6.2.2.4. Internal Heat Gains 
 
Internal heat gains from people were included in all simulations. Typical rates of 
sensible heat gains and latent heat gains from people depend on the type of activities 
and occupancy (number of people and time) in the dwelling. Based on the data available 
from surveys of buildings (CIBSE, 2006), the type of activity was assumed to be 
constant in the dwelling, i.e. seated, very light work. The rate of heat emission used 
70W (sensible heat gain) and 45W (latent heat gains) was for a mix of males and 
females. A maximum of four people were included in the occupancy profile detailed 
previously in section 6.2.2.2. 
 
Internal heat gain due to artificial lighting (fluorescent lighting) was included in the 
simulation with a separate profile/schedule created for lighting use based on occupancy. 
In the profile used lighting was switched on from 6pm to 12pm from Monday to Friday 
and on weekends, during holidays there were no lighting loads as the house is scheduled 
to be un-occupied. The lighting simulated was based on compact fluorescent lighting. 
CIBSE Guide A (2006) states the lighting energy required for ‘Commercial and similar 
applications (e.g. offices, shops, schools)’ has a maximum of 300 lux with an average 
installed power density of 8 W/m2. Due to the difference of activities and lighting use in 
domestic dwellings, a suggested maximum sensible heat gain from the lighting of 
12W/m2 was used (Porritt et al, 2010) and was implemented via the lighting profile.   
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6.3. Results and Discussions 
 
All results in the following sub-sections the space-heating and solar energy gains are 
analysed for the winter months. In which the solid walls of a detached house were 
externally insulated. A model with triple vacuum glazed windows was compared to the 
model with single, double glazed air filled, double glazed argon gas filled and triple 
glazed air filled glazed windows. The influence of changing WWR on the space-heating 
energy requirements and solar energy gains for the winter months was analysed. The 
achievable heat energy savings and cost analysis for the winter and annual months are 
also presented. The achievable inside resultant air temperatures of the house are shown 
in Fig. 6.6.   
 
 
___outside ambient temperature     ___Inside dry resultant air temperature 
 
Figure 6.6: Annual inside dry resultant air temperature of the house and outside 
ambient temperature from the ASHRAE database temperature profile for 
London/Heathrow UK. 
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6.3.1. Heat Load Analysis for a Day of High Heat Load 
 
The maximum heat load was predicted from the simulations to occur on the 29th of 
December. Fig 6.7 shows the supplied heat load to the house with triple vacuum glazed 
windows is less than the heat load supplied to the house with other types of glazed 
windows. On this peak day it can be seen that switching the heating system off during 
daylight hours have increased the space-heating load requirement range from 4.2-6 kW 
to 7.2-8.4 kW. It can be seen that from 6pm to 7pm the heat load requirement reduces to 
between 6.2 kW to 7.2 kW, depending on the type of glazing system used. The 
simulation results show that on this day the maximum savings of heating energy was for 
the house with triple vacuum glazed windows. The decrease in the predicted heat load 
requirement for a house with double glazed argon gas filled windows was smaller when 
compared to double glazed air filled windows. This was due to the small difference in 
the thermal transmittance values. 
 
The heating system was scheduled to be turned off between 8am and 6pm, during this 
time the inside air temperatures of the house with different glazing systems decreased 
down to 16°C, as shown in Fig. 6.7. Due to this when the heating system scheduled to 
be switched on then it can be seen from Fig. 6.7 that the required heat load increases 
more than the heating period.  
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Figure 6.7: Predicted indoor air temperature and heat supplied for a day of high heat load on the 29th of December during the winter months 
(Dec, Jan and Feb) for the modelled house with different window types.
Time period in which the heating 
system is non-operational 
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6.3.2. Winter Heating Energy Requirement Analysis 
 
The cumulative energy resulting from the decrease in total heat loads were predicted to 
be 297.7 kWh, 298.2 kWh and 275.2 kWh for the months of Dec, Jan and Feb when 
replacing single glazed windows with triple vacuum glazed windows in the externally 
insulated solid wall house, as illustrated in Figs. 6.8, 6.9 and 6.10. From this the total 
winter months heating load reductions were calculated to be 465.4 kWh, 496.8 kWh, 
605.6 kWh and 869.7 kWh in the house with double glazed air filled, double glazed 
argon filled, triple glazed air filled and triple vacuum glazed windows when compared 
to the house with single glazed windows. It can be seen that significant savings in total 
winter heat load can be achieved i.e. 264.1 kWh for the winter months for a house with 
triple vacuum glazed windows compared to a house with triple glazed air filled 
windows. 
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Figure 6.8: Predicted heat load for the month of December for the house with single, double glazed air filled, double glazed argon gas filled, 
triple glazed air filled and triple vacuum glazed windows. 
Peak heat energy supplied due to heat loss 
through the house with single glazed windows 
Cumulative space-heat 
savings when replacing 
single with triple vacuum 
glazed windows 
Minimum difference in the supplied 
heat energy requirement 
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Figure 6.9: Predicted heat load for the month of January for the house with single, double glazed air filled, double glazed argon gas filled, triple 
glazed air filled and triple vacuum glazed windows. 
Peak heat energy supplied due to heat loss through 
the house with single glazed windows 
Cumulative space-heat 
savings when replacing 
single with triple vacuum 
glazed windows 
Minimum difference in the supplied 
heat energy requirement 
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Figure 6.10: Predicted heat load for the month of February for the house with single, double glazed air filled, double glazed argon gas filled, 
triple glazed air filled and triple vacuum glazed windows.
Peak heat energy supplied due to heat loss 
through the house with single glazed windows 
Cumulative space-heat 
savings when replacing 
single with triple vacuum 
glazed windows 
Minimum difference in the supplied 
heat energy requirement 
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6.3.3. Solar Gain Analysis for a Day of High Solar Gains (14th February) 
          during the Winter Months 
 
The maximum solar gains were predicted to occur at 11am on the 14th of February 
during the winter months. Fig. 6.11 shows that the house with single glazed, double 
glazed air filled, double glazed argon filled, triple glazed air filled and triple vacuum 
glazed windows receives solar gains of 1.99 kW, 1.63 kW, 1.64 kW, 1.38kW, and 
1.42kW respectively. It can be seen that the house with triple vacuum glazed windows 
received less solar energy gains compared to the house with single, double glazed air 
filled, double glazed argon gas filled. It can also be seen that the solar gains are greater 
with triple vacuum glazed windows when compared to the house with triple glazed air 
filled windows. This increase in solar gains occurs due to the difference in the cavity 
gap of triple vacuum glazing i.e. 0.13mm and triple air filled glazing i.e. 12mm. Both 
windows were modelled with three low emittance tin oxide coatings. It can be seen that 
there is a likely to be a compromise between solar gains reduction in the house with 
triple vacuum glazed windows when compared to a house with single glazed windows, 
however, the reduction in U value will be more beneficial in terms of total heat load.  
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Figure 6.11: Solar gain analysis for a day of high solar gain (14th February) during the winter months (Dec, Jan and Feb). 
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6.3.4. Winter Solar Energy Gains Analysis 
 
The solar energy gains on a daily basis during the winter months (Dec, Jan and Feb) 
were predicted. The differences in cumulative solar gain predicted were 21.7 kWh,   
28.4 kWh and 25.2 kWh for the months of Dec, Jan and Feb when replacing single 
glazed windows with triple vacuum glazed windows in the solid wall detached house, as 
shown in in Figs. 6.12, 6.13 and 6.14. The maximum total solar energy gain was 
predicted to be 260kWh for the house with single glazed windows for the winter 
months. A decrease in total solar gains of 47.1kWh, 46.2 kWh, 80.4kWh and 75.3kWh 
were calculated for this dwelling for the winter months for the house with double glazed 
air filled, double glazed argon gas filled, triple glazed air filled and triple vacuum 
glazed windows when compared to the house with single glazed windows. The total 
solar energy gain during the winter months was predicted to increase by 5.1kWh in the 
house with triple vacuum glazed windows compared to the house with triple glazed air 
filled windows due to the difference in glazing width and frame effects. 
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Figure 6.12: Predicted solar energy gain for the month of December for the house with single, double glazed air filled, double glazed argon gas 
filled, triple glazed air filled and triple vacuum glazed windows. 
Peak solar energy gain 
Cumulative solar energy gain 
reduction when replacing single with 
triple vacuum glazed windows Minimum difference in 
the solar energy gains 
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Figure 6.13: Predicted solar energy gain for the month of January for the house with single, double glazed air filled double glazed, argon gas 
filled, triple glazed air filled and triple vacuum glazed windows. 
Peak solar energy gain 
Cumulative solar energy gain 
reduction when replacing single 
with triple vacuum glazed windows 
 
Minimum difference in 
the solar energy gains 
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Figure 6.14: Predicted solar energy gain for the month of February for the house with single, double glazed air filled, double glazed argon gas 
filled, triple glazed air filled and triple vacuum glazed windows. 
Peak solar energy gain 
Cumulative solar energy gain 
reduction when replacing single with 
triple vacuum glazed windows 
 Minimum difference in 
the solar energy gains 
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6.3.5. The Effect of Changing Window-to-wall Area Ratios on Winter Heating 
          Energy Requirement 
 
Heat loss from windows is one of the factors in the high space-heating energy 
requirement in the UK. Window to wall area ratio, the type of windows used, 
orientation of the windows and the type of frame used all influence the heat loss through 
the building envelope. An investigation into the effect of changing window to wall area 
ratio on predicted winter months space-heating energy requirements was undertaken for 
a room (Bedroom 1) to comparing triple vacuum glazing to single, double glazed air 
filled, double glazed argon gas filled and triple glazed air filled windows. In these 
simulations, all other elements of the detached house were not considered with the 
internal walls, floor and ceiling assumed adiabatic. 
 
The simulations indicated that by increasing the window to wall area ratios from 5% 
and 59%, the winter months heating energy requirement increases for a room with 
single, double glazed air filled, double glazed argon gas filled and triple glazed air filled 
windows. A decrease in the winter months heating energy requirement was predicted 
for the room with triple vacuum glazed windows with increasing window to wall area 
ratio, as shown in Fig. 6.15. The simulated results show that when increasing WWR 
from 5% (when the predicted heating energy was 334.9 kWh) to 59% (when the 
predicted heating energy was 209 kWh), the total winter months heating energy 
requirement decreased by 125.9 kWh, due to lower U value of triple vacuum glazed 
windows when compared to the U value of the externally insulated solid wall. A small 
difference in the requirement of heating energy was predicted in the room for the double 
glazed air filled window when compared to the double glazed argon gas filled window.  
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Figure 6.15: The effect of changing window to wall area ratios (WWR) from 5% to 59% on the winter months heating energy requirement for a 
room (Bedroom 1) for single, double glazed air filled, double glazed argon gas filled, triple glazed air filled and triple vacuum glazed windows. 
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6.3.6. The Effect of Changing Window-to-wall Area Ratios on Winter Solar 
Energy Gain. 
 
The effect of changing window to wall area ratios from 5% to 59% on the winter 
months heating energy requirement for a room (Bedroom 1) in the solid wall detached 
house was predicted, as shown in Fig. 6.16. It can be seen that solar energy gains are 
higher in a room with a single glazed window when compared to other window types. 
At WWR of 59%, the decrease in solar energy gains compared to a room with single 
glazed window were predicted to be 41.4 kWh, 40.7 kWh, 71.7 kWh and 66.1 kWh for 
double glazed air filled, double glazed argon gas filled, triple glazed air filled and triple 
vacuum glazed windows. A small increase in solar gains i.e. 5.6 kWh was predicted for 
a room with a triple vacuum glazed window compared to a triple glazed air filled 
window.  
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Figure 6.16: The effect of changing window to wall area ratios (WWR) from 5% to 59% on the winter solar gains for wall in a Bedroom 1for 
single, double glazed air filled, double glazed argon gas filled, triple glazed air filled and triple vacuum glazed windows. 
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6.3.7. Heating Energy Cost and Savings Analysis 
 
Domestic heating energy saving strategies appears to be a crucial factor in hard-to-treat 
solid wall dwellings. It is difficult to predict human behaviour and likely practice in 
switching heating systems due to individual household preferences. Possible heating 
energy savings that can be achieved by using triple vacuum glazed windows were 
predicted. Energy costs were calculated based on a standard gas tariff (initial 2680 kWh 
per year costs 8.675 pence/kWh and subsequent consumption charged 3.955 
pence/kWh) (British Gas, 2011).  Fig. 6.17 predicts the winter energy savings to be 
£34.4 for the house with triple vacuum glazed windows when compared to the modelled 
house with single glazed windows. The simulated results show little difference in 
savings for the house with triple air filled glazed windows compared to triple vacuum 
glazed windows i.e. £10.45 for the winter months. Cost savings for the winter months of 
£18.4, £19.64, £23.95 were predicted for the house with single glazed, double glazed air 
filled, double glazed argon gas filled and triple glazed air filled windows. The required 
annual heating energy was simulated as shown in Fig. 6.18. It was predicted that the 
required annual heating energy saving of £73.7 could be achieved by replacing single 
glazed windows with triple vacuum glazed windows.  Annual cost savings of £38.25, 
£41.49 and £46.54 were calculated based on the required annual heating energy in the 
house with double glazed air filled, double glazed argon gas filled and triple glazed air 
filled windows compared to the house of single glazed windows. The predictions show 
that an annual heating energy cost saving of £27.16 can be achieved in the house with 
triple vacuum glazed windows compared to triple glazed air filled windows.    
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Figure 6.17: Predicted winter heating energy and cost savings for the modelled house 
with single, double glazed air filled, double glazed argon gas filled, triple glazed air 
filled and triple vacuum glazed windows.  
 
 
 
Figure 6.18: Predicted annual heating energy and cost savings analysis for the 
modelled house with single, double glazed air filled, double glazed argon gas filled, 
triple glazed air filled and triple vacuum glazed windows.  
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6.4. Predictions of Heat Loss through the Fabric of Detached House Model. 
 
In order to determine transmission heat losses through the envelope and ventilation heat 
losses, a steady state analysis was carried out. In which all information about the 
geometry of windows, exterior walls (with and without external wall insulation), roof 
and floors was taken from the solid wall modelled dwelling, as detailed in section 6.2.1. 
In this analysis the indoor and outdoor temperature difference was assumed to be 10˚C. 
In the dynamic thermal simulations the indoor and outdoor temperature variations were 
taken into account and space-heating and solar gain analysis performed. The heat loss 
through internal partitions, internal ceilings/floor and internal doors were neglected, 
because the temperatures in different internal spaces were assumed to be the same. 
Thus, the total heat loss is the sum of transmission heat losses of the exterior envelope 
and air infiltration heat losses as expressed in Equ.6.10.  
 
 𝜙𝑇 = 𝜙𝑡𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + 𝜙𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛                                                                            (6.10) 
 
The total transmission heat loss 𝜙𝑡𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛 was calculated by summing the heat loss 
through the windows, exterior doors, exterior walls, roof and ground, as expressed in 
Equ.6.11 and 6.12.  
  
𝜙𝑡𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝜙𝑤𝑖𝑛𝑑𝑜𝑤 + 𝜙𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 𝑑𝑜𝑜𝑟𝑠 + 𝜙𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 𝑤𝑎𝑙𝑙𝑠 + 𝜙𝑟𝑜𝑜𝑓 + 𝜙𝑔𝑟𝑜𝑢𝑛𝑑 (6.11) 
 
𝜙𝑡𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = ∑(𝐹𝑡𝑐 × 𝑈 × 𝐴)  × (10) W                                                              (6.12) 
 
The temperature correlation factor (𝐹𝑡𝑐) enables using the same temperature difference 
(10˚C) to be used for parts of the envelope exposed to different environmental 
conditions. This factor was set to 1.0 for the exterior walls and roof and to 0.6 for the 
ground floor (Schlueter and Thesseling, 2009). 
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𝜙 𝑤𝑖𝑛𝑑𝑜𝑤 is the heat loss through the window. This was calculated by considering the 
number of windows ( i.e. 10), the area of each window with frame, the type of window 
(such as single, double glazed air filled, double glazed argon gas filled, triple glazed air 
filled and triple vacuum glazed) and their respective total U values including frame 
area, which are detailed in Fig 6.4.  The Equ 6.12 was based on windows area expressed 
as in Equ 6.13.  
 
𝜙𝑤𝑖𝑛𝑑𝑜𝑤 = [7.686 × 𝑈26.92% + 0.24 × 𝑈42.85% + 0.651 × 𝑈31.61%] × [10℃]      (6.13) 
 
The total heat loss through single, double glazed air filled, double glazed argon gas 
filled, triple glazed air filled and triple vacuum glazed windows in the modelled solid 
wall detached house were calculated to be 404 W, 224.09 W, 213.22 W, 164.84 W and 
75.38 W respectively.  
 
There are four external doors being modelled in a solid wall detached house that give a 
total area of 8.41m2, using Equ. 6.12, the total heat loss through the exterior doors, 
𝜙𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 𝑑𝑜𝑜𝑟𝑠, was calculated to be 215.3 W.   
 
The total exterior wall area of the modelled house is 169.25m2. Using Equ. 6.12, the 
total heat loss through the exterior insulated walls, 𝜙𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 𝑤𝑎𝑙𝑙𝑠, was calculated to be 
881.45 W. The total heat loss through exterior un-insulated walls was calculated to be 
3588.1 W.  
 
The total roof area of the modelled detached house is 71.91m2. Using Equ 6.12, the total 
heat loss through the roof was calculated to be 165.39 W. 
 
The total ground area is 205.53m2. Using Equ. 6.12, considering the temperature 
correction factor to 0.6, the total heat loss through ground area of the modelled house 
was calculated to be 776.89 W. 
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The ventilation heat loss can be calculated using Equ. 6.14 (Schlueter and Thesseling, 
2009). The overall volume of the model, i.e. 402.33 m3, and designed air exchange rate 
i.e. 0.5 ach are required using the specific heat capacity of air 0.34 W h-1m-3 and the 
mean temperature difference of 10˚C, the heat loss through ventilation was calculated 
to be 683.96 W. 
 
𝜙𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = (0.34 × 𝑎𝑖𝑟 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑒 × 𝑣𝑜𝑙𝑢𝑚𝑒) × 10℃                            (6.14) 
 
 
6.5. Analysis of Changes in Heat Flows in the Detached House Modelled with 
Retrofit of Low Heat Loss Windows and Solid Wall Insulation 
 
The steady state heat loss calculations predict that 12.92%, 7.6%, 7.26%, 5.71% and 
2.69% of the heat loss for the externally insulated solid wall house will be through the 
windows with single, double glazed air filled, double glazed argon gas filled, triple 
glazed air filled and triple vacuum glazing respectively, as shown in Fig. 6.19, 6.20, 
6.21 and 6.23. It can be seen that the overall percentage of heat loss can be reduced by 
retrofitting triple vacuum glazing, as shown in Fig. 6.23. The maximum heat loss was 
predicted to occur through the externally insulated solid walls. The heat loss through 
ventilation/infiltration can be seen to account for 21.86%, 23.22%, 23.29%23.67% and 
24.44% of the heat loss for the house with single, double glazed air filled, double glazed 
argon gas filled, triple glazed air filled and triple vacuum glazed windows.  The heat 
loss due to air infiltration can be reduced by improving the insulation and reducing air 
leakage through the building envelope. 
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Figure 6.19: Heat flow diagram for an external solid wall insulated house with single glazed windows. Simulated heat input from a dynamic 
model and steady state transmission heat losses through the envelope and by air infiltration. 
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Figure 6.20: Heat flow diagram for an external solid wall insulated house with double glazed air filled windows. Simulated heat input from a 
dynamic model and steady state transmission heat losses through the envelope and by air infiltration. 
         Annual space-heat load         Heat loss through double glazed air filled windows           Heat loss through a roof 
         Annual solar gains         Heat loss through exterior doors           Heat loss through ground floor 
         Annual internal heat gains         Heat loss through exterior walls           Air infiltration heat loss 
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Figure 6.21: Heat flow diagram for an external solid wall insulated house with double glazed argon gas filled windows. Simulated heat input 
from a dynamic model and steady state transmission heat losses through the envelope and by air infiltration. 
         Annual space-heat load    Heat loss through double glazed argon gas filled windows           Heat loss through a roof 
         Annual solar gains     Heat loss through exterior doors           Heat loss through ground floor 
         Annual internal heat gains     Heat loss through exterior walls           Air infiltration heat loss 
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 Figure 
Figure 6.22: Heat flow diagram for an external solid wall insulated house with triple glazed air filled windows. Simulated heat input from a 
dynamic model and steady state transmission heat losses through the envelope and by air infiltration. 
         Annual space-heat load         Heat loss through triple glazed air filled windows           Heat loss through a roof 
         Annual solar gains         Heat loss through exterior doors           Heat loss through ground floor 
         Annual internal heat gains         Heat loss through exterior walls           Air infiltration heat loss 
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Figure 6.23: Heat flow diagram for an external solid wall insulated house with triple vacuum glazed windows. Simulated heat input from a 
dynamic model and steady state transmission heat losses through the envelope and by air infiltration. 
         Annual space-heat load         Heat loss through triple vacuum glazed windows           Heat loss through a roof 
         Annual solar gains         Heat loss through exterior doors           Heat loss through ground floor 
         Annual internal heat gains         Heat loss through exterior walls           Air infiltration heat loss 
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The steady state heat loss calculations predict that 6.93%, 3.96%, 3.78%, 2.95% and 
1.37% of the heat loss for the solid wall (without external wall insulation) house will be 
through the windows with single, double glazed air filled, double glazed argon gas 
filled, triple glazed air filled and triple vacuum glazing respectively, as shown in Fig. 
6.24, 6.25, 6.26 and 6.27. It can be seen that the effect of changing windows is much 
reduced due to an increase of heat loss through solid walls. It can also be seen that the 
overall percentage of heat loss can be reduced by retrofitting triple vacuum glazed 
windows, as shown in Fig. 6.27. The maximum heat loss was predicted to occur through 
the externally insulated solid walls. The heat loss through ventilation/infiltration can be 
seen to account for 11.72%, 12.1%, 12.12%, 12.23% and 12.42% of the heat loss for the 
house with single, double glazed air filled, double glazed argon gas filled, triple glazed 
air filled and triple vacuum glazed windows.  The heat loss due to air infiltration can be 
reduced by improving the insulation and reducing air leakage through the building 
envelope. 
 
It is predicted from the analysis that retrofitting existing solid wall houses is important 
for the reduction of space-heating energy requirement. A significant energy saving was 
predicted when triple vacuum glazed windows were retrofitted into the house with 
external solid wall insulation.  
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Figure 6.24: Heat flow diagram for a solid wall (without external wall insulation) house with single glazed windows. Simulated heat input from 
a dynamic model and steady state transmission heat losses through the envelope and by air infiltration. 
         Annual space-heat load         Heat loss through single glazed windows           Heat loss through a roof 
         Annual solar gains         Heat loss through exterior doors           Heat loss through ground floor 
         Annual internal heat gains         Heat loss through exterior walls           Air infiltration heat loss 
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Figure 6.25: Heat flow diagram of a solid wall (without external wall insulation) house with double glazed air filled windows. Simulated heat 
input from a dynamic model and steady state transmission heat losses through the envelope and by air infiltration. 
         Annual space-heat load         Heat loss through double glazed air filled windows           Heat loss through a roof 
         Annual solar gains         Heat loss through exterior doors           Heat loss through ground floor 
         Annual internal heat gains         Heat loss through exterior walls           Air infiltration heat loss 
24047.3 kWh 
2610.4 kWh 
1947.3 kWh 
6.8 % 
9.13 % 
84.07 % 
3.81 % 
2.93 % 
3.96 % 
12.1 % 
13.74 % 
63.46 % 
224.09 W 
215.3 W 
3588.1 W 
165.39 W 
776.89W 
683.96 W 
Predicted heat input from the transient model Steady state transmission and ventilation heat losses for 
the solid wall dwelling 
Solid wall house model with 
double glazed air filled 
windows 
CHAPTER 6 
 
 200 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.26: Heat flow diagram of a solid wall (without external wall insulation) house with double glazed argon gas filled windows. Simulated 
heat input from a dynamic model and steady state transmission heat losses through the envelope and by air infiltration. 
         Annual space-heat load         Heat loss through double glazed argon gas filled windows           Heat loss through a roof 
         Annual solar gains         Heat loss through exterior doors           Heat loss through ground floor 
         Annual internal heat gains         Heat loss through exterior walls           Air infiltration heat loss 
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Figure 6.27: Heat flow diagram a solid wall (without external wall insulation) house with triple glazed air filled windows. Simulated heat input 
from a dynamic model and steady state transmission heat losses through the envelope and by air infiltration. 
         Annual space-heat load         Heat loss through triple glazed air filled windows           Heat loss through a roof 
         Annual solar gains         Heat loss through exterior doors           Heat loss through ground floor 
         Annual internal heat gains         Heat loss through exterior walls           Air infiltration heat loss 
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Figure 6.28: Heat flow diagram of a solid wall (without external wall insulation) house with triple vacuum glazed windows. Simulated heat 
input from a dynamic model and steady state transmission heat losses through the envelope and by air infiltration. 
         Annual space-heat load         Heat loss through triple vacuum glazed windows           Heat loss through a roof 
         Annual solar gains         Heat loss through exterior doors           Heat loss through ground floor 
         Annual internal heat gains         Heat loss through exterior walls           Air infiltration heat loss 
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6.4. Summary 
 
The aim of this chapter was to determine the benefits of triple vacuum glazed windows 
as a refurbishment solution in solid wall dwellings. The required heating energy and 
solar energy gains were predicted for a solid wall detached house model retrofitted with 
single, double glazed air filled, double glazed argon gas, triple glazed air filled and 
triple vacuum glazed windows. The significance of increasing window to wall area 
ratios of a selected room (bedroom 1) using triple vacuum glazed window was 
presented and compared with conventional glazed windows. The predictions indicate a 
reduction in heating load of 871.1 kWh for the winter months in the solid wall house 
when using triple vacuum glazed windows compared to single glazed windows can be 
achieved. A decrease in solar gains of 75.3 kWh for the winter months was also 
predicted in the house with triple vacuum glazed windows compared to single glazed 
windows. The predictions indicate that when increasing WWR from 5% (when the 
predicted heating energy was 334.9 kWh) to 59% (when the predicted heating energy 
was 209 kWh) the winter months heating energy requirement decreases by 125.9 kWh, 
due to lower U value of triple vacuum glazed window when compared to the U value of 
external solid walls. A decrease in solar gains of 66.1 kWh for the winter months at 
WWR 59% was predicted in a room with a triple vacuum glazed window compared to a 
single glazed window. Heating energy cost saving of £34.4 for the winter months and 
£73.7 for a year for the house with triple vacuum glazed windows was predicted 
compared to the house with single glazed windows.  A steady state heat loss analysis 
was performed. The calculations indicate heat loss through the glazings of 12.92%, 
7.6%, 7.26%, 5.71% and 2.69% of the total for the house with single, double glazed air 
filled, double glazed argon gas filled, triple glazed air filled and triple vacuum glazed 
windows. It was shown that retrofitting existing solid wall houses is essential for to 
reduce space-heating energy requirements. A significant energy saving was predicted 
when triple vacuum glazed windows were retrofitted into a house with external wall 
insulation.     
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This chapter summarises the conclusions of the research preformed and presents 
recommendations for future/further research. 
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7.1 Conclusions 
 
The broad aim of this research work was to design and develop novel double and triple 
vacuum glazing units with a cost effective/new hermetic edge seal and analyse the 
potential of triple vacuum glazed windows to solid wall dwelling to predict space-
heating requirement, heat loss, solar gain and window-to-wall area ratios. This broad 
aim and their objectives are achieved and have contributed to vacuum glazing science. 
The main conclusions of the research carried out are: 
 
• A laboratory vacuum glazing fabrication facility was designed and developed. A 
vacuum cup was developed to reduce the risk of dislocation of the heating block and 
the degradation of O rings due to continuous heating with the pump-out hole 
evacuation. 
 
• A new method of fabricating double and triple vacuum glazing based on a low 
temperature (less than 200ºC) composite edge seal was developed, consisting of 
Cerasolzer CS186 alloy as a primary seal and J-B Weld epoxy steel resin as a 
secondary seal. A vacuum pressure of 4.8x10-2Pa was achieved. A three dimensional 
finite element model of the fabricated design of triple vacuum glazing was developed. 
This required measurement of thermal conductivities of Cerasolzer CS186 alloy 
(46.49 Wm-1K-1) and J-B Weld epoxy steel resin (7.47 Wm-1K-1) to simulate the heat 
transfer process. Centre-of-pane and total thermal transmittance values were used in 
the model of a triple vacuum glazing of dimensions 300x300mm and were predicted 
to be 0.33Wm-2K-1 and 1.05 Wm-2K-1 based on three tin-oxide coated K-glass sheets 
with the composite edge seal design. The costs of sealing materials consumed for the 
fabrication of low temperature double and triple vacuum glazing were calculated 
based on the laboratory material costs. The cost of the composite edge sealed double 
vacuum glazing of dimensions 300x300mm was calculated to be £9.98 and for an 
area of 1m2 £31.81. The cost of the composite edge sealed triple vacuum glazing of 
dimensions 300x300mm was calculated to be £17.63 and for an area of 1m2 £57.36.  
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• A lead-free and ultrasonic soldering free fusion seal was developed which should be 
cost-effective in large scale manufacture. The formation process and experimental 
sealing property tests of 15 samples were presented. The bonding properties were 
analysed using scanning electron microscopy and optical microscopy to determine 
the correct mixture of tin and boric oxide metal powder for the formation of an 
effective textured surface. The textured surface formed on the tin-oxide surface of k-
glass at a temperature of 450˚C, in which a layer of solid metallic wire of Sn or 
Sn90In10 was placed in between the surface texture regions on the glass sheet 
formed a fusion seal. Five vacuum glass samples of various designs and techniques 
were discussed with the fabrication process and methods applied. The fusion sealed 
vacuum glazing (sample A5-300x300mm area) was the most successful design and 
fabrication method which has achieved a vacuum pressure of 8.2x10-4 Pa. The 
thermal performance of the fusion sealed vacuum glazing (Sample A5) was predicted 
with a finite element model of the fabricated sample. Centre-of-pane and total 
thermal transmittance of the modelled fusion sealed vacuum glazing area of 
300x300mm were predicted to be 1.039 Wm-2K-1 and 1.4038 Wm-2K-1 respectively.  
The centre-of-pane and total thermal conductance were predicted to be 1.24 Wm-2K-1 
and 1.79 Wm-2K-1 respectively. The cost of the edge sealing materials for the 
fabrication of fusion sealed vacuum glazing (sample A5) at the laboratory scale was 
calculated to be £3.72 for the area of 300x300mm and £10.56 per m2, the cost of 
pump-out hole sealing is included. Comparing this to the predicted solder glass based 
samples A6 and A7 the fusion sealed vacuum glazing reduces the cost to 75.8% and 
86.84% of this respectively. It can be seen that the fusion seal is potentially a most 
cost-effective solution as compared to other sealing materials.  
 
 
• The heat load and solar gain were analysed for externally insulated and un-insulated 
solid wall dwellings with single, double glazed air filled, double glazed argon gas, 
triple glazed air filled and triple vacuum glazed windows. The predictions indicated a 
reduction in heating load of 871.1 kWh for the winter months in the solid wall house 
when using triple vacuum glazed windows compared to single glazed windows can 
be achieved. A decrease in solar gains of 75.3 kWh for the winter months was 
predicted in the house with triple vacuum glazed windows compared to single glazed 
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windows. The predictions indicated that when increasing WWR from 5% (when the 
predicted heating energy was 334.9 kWh) to 59% (when the predicted heating energy 
was 209 kWh) the winter months heating energy requirement decreases by 125.9 
kWh. A decrease in solar gains of 66.1 kWh for the winter months at WWR 59% 
was predicted in a room with a triple vacuum glazed window compared to a single 
glazed window. Heating energy cost saving of £34.4 for the winter months and £73.7 
for a year for the house with triple vacuum glazed windows was predicted compared 
to the house with single glazed windows.  A steady state heat loss analysis was 
performed. The calculations indicated heat loss through the glazings of 12.92%, 
7.6%, 7.26%, 5.71% and 2.69% of the total for the house with single, double glazed 
air filled, double glazed argon gas filled, triple glazed air filled and triple vacuum 
glazed windows. It was shown that retrofitting existing solid wall houses is essential 
to reduce space-heating energy requirements. A significant energy saving was 
predicted when triple vacuum glazed windows were retrofitted into a house with 
external wall insulation. 
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7.2. Recommendations for Future Research Work. 
 
The following are recommendations for future research and design modifications: 
 
• A cartridge heating element fixed inside a steel block in the pump-out cap was used 
to melt the Cerasolzer alloy/indium and seal the hole during evacuation. This may 
risk the turbo-molecular pump performance by drawing traces of metallic particles 
during pump-out hole sealing. To reduce this risk, a magnetic mesh/net can be 
located inside the angle valve connected adjacent to the vacuum cup to trap the 
metallic particles during evacuation. 
  
• The width of the developed composite edge seal made currently was 14mm. A 
narrower edge seal width (e.g. 8mm) can be achieved by improving the fabrication 
and design process.  The low emittance coatings used were tin-oxide that has an 
emissivity of 0.15. Soft low emittance coatings (e.g. silver with an emissivity of 0.02) 
can be used in the low temperature edge sealing method to improve the thermal 
performance of double and triple vacuum glazings.  
 
• The samples of double and triple vacuum glazings can be characterised in a hot box 
calorimeter. A hot box calorimeter is to be developed at Loughborough University 
for the measurement of the thermal transmittance values. The time required to 
achieve effective edge seals prevented a hot box calorimeter being developed in the 
current work. 
  
• The developed fabrication process of the fusion sealed vacuum glazing can further be 
investigated and improved by utilising alternative materials to bond to the glass 
surface texture. Detailed analysis of the bonding mechanism and surface 
characterisation for the fusion seal at the molecular level can be performed.    
 
• Degradation and long term performance of the developed vacuum glazing units can 
be assessed with the influence of solar radiation and thermal cycling analysed.  
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• The performance of the developed double and triple vacuum glazings can be 
monitored when installed into a solid wall house with heat load and solar gains 
measured for the winter period (due to the maximum heating energy requirement 
being for the winter months for buildings in the UK). Model predictions based on 
those in Chapter 6 can be validated against real heat load and solar gains. 
  
• Experimentally characterise solid wall configurations, with and without external wall 
insulation, under controlled guarded hot box conditions with different areas of both 
standard and triple vacuum glazed windows.    
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1A. The screenshot of the triple vacuum glazed windows showing the net window U 
value including the effect of frame with a frame percentage of 26.92, created in the 
construction tool of Building Template Manager in the IES VE software. 
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1B. The screenshot of the triple vacuum glazed windows showing the net window U 
value including the effect of frame with a frame percentage of 31.61, created in the 
construction tool of Building Template Manager in the IES VE software. 
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1C. The screenshot of the triple vacuum glazed windows showing the net window U 
value including the effect of frame with a frame percentage of 42.85, created in the 
construction tool of Building Template Manager in the IES VE software. 
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